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Mobile poly(ethylene oxide) diglycidyl ether (PEODGE) segments were chemically grafted onto a soluble wheat
protein (WP), and different network structures were formed via coupling reactions with ethyl diamine (EDA) in
different PEODGE/EDA (PE) ratios. When the PE ratio was 1:1, linear PEs were the predominant segments
grafted onto WP chains and the whole WIPEODGE-EDA (WPE) system was still soluble with an increased
molecular weight. Reducing the amount of EDA in the systems produced insoluble cross-linked WPE networks.
The broad distribution of network structures and chain mobility resulted in a broad glass transition for the WPE
materials. However, the glass transition started at lower temperatures, and the materials became flexible at room
temperature. The PE segments were present in all rigid, intermediate, and mobile phases in WPE networks, while
the proportion of mobile WP chains was increased as a result of the plasticization effect from the mobile PE
segments. The mobility of the most mobile component lipid was also restricted to some extent when forming the
cross-linked WPE networks. The study demonstrated that the formation of different network structures with PE
segments could significantly improve the flexibility of WP materials, vary the solubility, and modify the mechanical
performance of WP-based natural polymer materials.

1. Introduction the objective was to obtain a cross-linked W{Fblymer network
via grafting PEODGE onto the protein macromolecules via
Wheat proteins (WPs), as one of the most interesting plant reactions between the epoxy groups in PEODGE and the amino
proteins, have demonstrated a series of polymer properties suclyroups of WP, and then coupling the excess PEODGE with the
as strong tensile strength, good viscoelastic properties, andgrafted PEODGE segments by the addition of ethylene diamine
excellent gas barrier performance when used in packaging,(EDA), a Compound Containing two primary amine groups
coating, and medical applicatiofst® There are strong interac- (Scheme 1). Each PEODGE chain has two glycidoxy end
tions within WP involving intermolecular and intramolecular  groups, while EDA has twe-NH; groups. Because the amount
associations in conjunction with cross-linking via disulfide of amino groups in WP is very low (mainly on the side chains
bonds. Consequently, WP films are usuaIIy brittle and difficult of |ysine)’ and on|y a small proportion of PEODGE can graft
to meet many application requirements. Normally a large amount onto WP, the initial addition of an excess amount of PEODGE
of plasticizer is used in producing WP films via either solution prior to the addition of EDA will ensure the grafting of
casting or thermal processiAg.'® These plasticized materials PEODGE to WP. Because of a small amount of these amino
have difficulty in retaining their properties in packaging or groups in WP, the PEODGE/EDA (PE) ratio determines the
medical applications after exposure to wet conditions becausestructure of the WP-PEODGE-EDA (WPE) networks, similar
the plasticizers, usually water, glycerol, polyols, or amines, can to the case when only PEODGE and EDA were u&at/hen
be extracted from the materials. It has been a Challenging taSkthe mole ratio of PE was 1:1, linear PE segments were formed
for polymer material scientists to chemically modify the predominantly with a structure of (NH—CH,—CH,—NH—
molecular structure of WPs in order to enhance the flexibility CH,—CHOH—CH,—O—PEO-CH,—CHOH—CH,),—asbranched
of the WP macromolecules and their processing capability, thus chains to the WP. Reducing the amount of EDA should lead to
extending the applications of the natural polymer. some proportion of the NH groups on the PE segments further
The chemical modification of proteins through chemical reacting with the extra PEODGE and forming cross-linked
reactions between amino groups of proteins and compoundsstructures within the WPE matr. Additional epoxy groups
containing epoxy groups has been reported previously for could also remain in the matrix when the amount of EDA is
biomedical application¥’2° Poly(ethylene oxide) diglycidyl  not sufficient for the reactions. Modifying these WP materials
ether (PEODGE) is an interesting polymer segment with two by varying the ratio of PEODGE to EDA would provide the
reactive epoxy end groups in each chain that can react with thepossibility for further chemical reactions by introducing new

amino groups of gelatin under mild conditiot¥s?! In this work, functional groups such asNH, —OH, and epoxy groups to
_ the materials.
i C?"ESPO”EI'”(% aUthOib Tg'3+613?§45‘§665éi':a’§+613834344153- The grafting and coupling reactions between WP and PE were
E-mail: gregghg@unimelb.edu.au. .Q.). Tek61395452653. Fax: . e . .
161395441128, E-mail: Xiaoging.Zhang@csiro.au. (X.Z.). studied by high-resolution nuclear magnetic resonance (NMR)
 The University of Melbourne. spectroscopy. The WPE products were fur.ther processed into
* CSIRO Manufacturing & Materials Technology. plastic sheets by thermal compression molding. The mechanical
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Scheme 1. Grafting PEODGE onto WPs and Then Forming a Table 1. Molecular Weight of the Soluble Components in WP,
WPE Cross-Linked Network WPE11, WPE21, and WPE31 as Measured by GPC
it [ \ sample solubility M My
Q/ oo 5 e i 3y WP before shearing 100% 200 600 236 500
wp NHz PEODGE WP after 2 h shearing at 4000 rpm 100% 71500 89800
n=13 WPE11 95% 135400 142 300
Y o WPE21 7% 114800 153700
NH\,/< ! WPE31 1-2%
Q/ sl il i
NHHH_F_J_<010 and data acquisition and analysis were performed with Viscotek TriSEC
\E/\O)Jr\‘_? software. Solutions of WPE materials with a concentration of 20 mg/
i mL were prepared by redissolving the samples in an appropriate amount
N2 | o D,{\\/OW of water. GPC experiments were conducted with water as the mobile
S i phase under a flow rate of 1.0 mL/min. The injection volume was 20
uL, and the column temperature was 30.
WP-PEODGE-EDA Cross-linked Network DMA experiments were operated on a Perkin-Elmer PYRYS

Diamond DMA in dual cantilever bending mode at a frequency of 1
properties, glass transition temperatures, and molecular motionsHz. The temperature was set-aL00 to 160°C, and the heating rate
of these systems were examined by dynamic mechanical analysisvas 2°C/min. The storage modulu&'), loss modulusk") and tand
(DMA) and broad-line solid-state NMR techniques. The use of (E/E") were recorded as a function of temperature throughout the
high-resolution solid-state NMR to study the molecular motions experiment. The value dE is calculated as the ratio of the stress to
of each individual component in the complicated network and the applied strain as a measure of the stiffness or rigidity of the material,
the phase structures of the whole network achieved a goodwhile E" reflects the ability of a material to dissipate mechanical energy
understanding between the mechanical performance of theby converting it to heat through molecular motions. The termdtas

materials and their macromolecular motions/phase structures.2 useful index of material viscoelasticfty™* N
Broad-line pulse'H NMR was carried out on a Bruker Minispec

) ) PC 120 spectrometer at 20 MHz at 20. The 90 pulse was 4.%ts
2. Experimental Section with a repetition of 2 s. The free induction decay (FID) signal of each

. ) ) ) sample was obtained by a solid-echo pulse seqdemce a Carr
2.1. Materials. A deamidated soluble WP, which contained over Purcel-Meiboom-Gill (CPMG: 90°x — (11 — 180°y — 71 — echo))

90% protein, 5% lipid, and a small amount of residual starch with other
minor impurities, was used in this work, as supplied by Manildra Group
Australia. The deamidation was conducted under mild conditions,
resulting in 36-35% of amides + CONH,) in the side chains being

broken, resulting ir—~COOH as the end groups. The natural moisture

content of the WP was—78%. PEODGE My = 730) was purchased  oopq (time range of-80.2 ms) and from CPMG (time range of 6:2

from Polyscience, Inc., while EDA~99.5%) was obtained from 14 yq) hyise sequences, and then a multidecay function was used to

Aldrich Fine Chemicals (Australia). Distilled water was used as the best fit the FID data with the IGOR program from Wave Metrics, Inc

solvent in all experiments, and all reactions were conducted at room as described in previous papé#gs

temperature. . ) . High-resolution solid-state NMR experiments were conducted at
2.2. Sample Preparation PEODGE and WP were mixed in water ., temperature using a Varian Unity plus spectrometer at resonance

using a high sh_eer mixe_r operated at 4000'rpm an in_order to frequencies of 75 MHz fol*C and 300 MHz fo*H. *3C NMR spectra
achieve an efficient reaction between the amino groups in WP and the, .. shcarved either under cross-polarization (CP), magic-angle

€poxy groups O_f PEODGE. EDA was then added t(_) the _sy_stem, and spinning (MAS), and high-power dipolar decoupling (DD) technique,
additional reactions were conducted under mechanical stirring at 400 using a single 90pulse excitation (SPE) method with high-power
rpm for 72 h. The PE polymer co_mponent was kept at 20 wt %. in decoupling. The 90 pulse was 4.5:s for 'H and *C, the radio
WP-PE systems, but the mole ratio of PEODGE to EDA was varied frequency strength for spin-locking was 56 kHz, while the spinning
as 1:1 (WPE11), 2:1 (WPEZ21), and 3:1 (WPE31). After reactions, the
obtained solutions were dried overnight under ambient temperature
and then further dried in a vacuum oven at 40 for 3 days. The
moisture content in the samples was-®%, as determined by
thermogravimetric analysis (TGA). Compression molding was con-
ducted under an optimum condition of 130 for 5 min using a heating
press with a pressure of 12 ton. The pressing area was 14% b

mm, and the thickness of the samples was 1.0 far@.1 mm. The
final moisture content of the compression-molded plastic sheet samples
was 5-6%, as measured by TGA.

pulse sequenc&respectively. The 96-90° pulse spacing in the solid-
echo was 1@s, and the dwell time was 1.26. The 90—180C pulse
spacing 1) in the CPMG sequence was a8, n was varied, and a
total of eight scans were used for each measurement. The whole FID
of each sample was a combination of the data observed from solid-

rate of MAS was around 7 kHz. A contact time of 1.0 ms was used for
"measuring the CP/MAS spectra, while the repetition time @a for
all measurements. The chemical shift'd€ spectra was determined
by taking the carbonyl carbon of solid glycine (176.03 ppm) as an
external reference standatti MAS NMR spectra were obtained with
the same MAS rates, and tetramethylsilane was used as an external
chemical shift reference.

1H spin—spin (T2) relaxation times under high-resolution conditions
(MAS) were measured through the decaytdfintensities in the MAS
o . spectra observed by the CPMG pulse sequriceof 40 us), with a
2.3. Sample Characterization.The molecular weights of WP and repetition time 62 s and a 90 pulse length of 2.5s. The'H T, data

the soluble components in WPE samples were measured by gelyere o150 measured through the chang&®fmagnetization prepared
permeation chromatography (GPC). A triple detection system including by CP with varied CP delay times, as reported previotstj .2
a Wyatt Dawn F laser photometer operating at @@ght angle laser '

light scattering) coupled with an online Waters 410 differential

refractometer (for measurement of the refractive index) and a Viscotek 3. Results and Discussion

T50A differential viscometer (for measurement of the differential

pressure) was used. The three detectors were calibrated with Pullulan 3.1 Grafting and Coupling Reactions between WP and
standards of known molecular weight and intrinsic viscosity and narrow PE. The use of a water-soluble WP via deamidation has made
polydispersity. A Shodex P-82 column from Phenomenex was used, it possible to expose most of the amino groups in the %V
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Figure 1. 13C solution NMR spectra of WP, PEODGE, EDA, WPE11, 1006 ‘ ‘ ‘ ‘ . ’ o
WPEZ21, and WPE31 systems after reaction in water solution. : 120 -80 40 o %0 0 120 160
. . . . Temperature (°C
macromolecules to take part in grafting reactions with the epoxy perature (°€)
groups of PEODGE in water media. In order to achieve
1.0E+10 16

homogeneous mixing and complete reactions of grafting and

the following coupling reaction, each WP/PEODGE solution  (B)
was mixed under high shearing conditions (4000 rpm) for 2 h, 114
and the coupling reactions with EDA were conducted for 3 days

under slow stirring. The solubility of the systems and the %,

molecular weight of the soluble proportion in the systems 108409 | y "*., 12
changed significantly after graftinrgcoupling reactions when _ T ‘."

using varied ratios of PEODGE to EDA, as shown in Table 1. g + E-WPET AN 14
The soluble WP had a molecular weight of 236 508, [ o E-WPE21 \
Mixing under high shearing caused a reduction in the molecular T

weight to 89 8001,); however, this is not an issue if a highly 1.0E+08 | s tand-WPE11 108
cross-linked network is eventually formed. When PEODGE and ° ZSVWV:g:

subsequent EDA were introduced into the WP systems at a PE
ratio of 1:1 (WPEL11), the majority of components in the system
were still soluble (solubility of 95%); however, the molecular
weight of the soluble proportion increased to 142 300X as 1.0E407 |
the result of grafting and coupling reactions. The high solubility ’
of the system was attributed to the formation of linear PE
segments as the predominant products at this PE ratio. When
the PE ratio was increased, the solubility decreased signifi-

1 06

> tand

1 02

cantly: down to 7% when PE 2:1 (WPE21), and only-12% 1.0E+06 : s ‘ ‘ ‘ s 0
when PE= 3:1 (WPE31), indicating the formation of highly 20 &0 400 40 80 120 160
cross-linked structures in the WPE21 and WPE31 systems. Temperature (°C)

13C solution NMR spectra of WP, PEODGE, EDA, and the Figure 2. Storage modulus (£) and tan 6 of WP, WPE11, WPE21,
soluble components in the WPE systems are shown in |:|gureand WPE31 samples as obtained via DMA: (A) solution-cast samples
1. The spectrum of WP was similar to those obtained previously 2"d (B) compression-molded samples.
with the reported assignment. The strong intensity at 72.8 ppm
of PEODGE was due to the ethylene resonances of the PEOThe results indicate that the grafting and coupling reactions
segment, while two sharp peaks at 52.9 and 45.8 pp@H produced WPE networks with different structures as a result of
and >CH,) were attributed to the epoxy end groups. The the different ratios of PE.
ethylene resonance of EDA was observed at 45.4 ppm. After 3.2 Mechanical Properties of the WPE Materials.The
WP reacted with PEODGE and EDA under the described WPE materials obtained via solution casting were further
conditions, for WPEL11, the sharp peak of EDA and the thermally processed by compression molding into plastic sheet
glycidoxy resonances all disappeared, while some new reso-samples. The DMA results of these solution-cast and thermally
nances appeared at 75:354, and~42 ppm, corresponding to  processed samples are shown in Figure 2. The general trends
the species of-CHOH, —CHNH—, and—CHNH; formed in of DMA data for the WPE systems were similar to those of
the reactions. When the amount of EDA was reduced (WPE21 plasticized WP-based materidfs1826 For solution-cast samples,
and WPE31), unreacted glycidoxy structures or excess PEODGEthe E' of WPE11 at a low temperature range (far below the
could be observed in the NMR spectra of the soluble part in glass transition temperatufg) was relatively lower. It increased
the systems, but it should be remembered that the solubility for WPE21, with even higheE’ values for WPE31 at the same
was only 7% or +2% for WPE21 and WPE31, respectively. temperature range. The tanpeaks corresponding to thk CDV
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60 — OTgA Table 2. H T, Data of the Compression-Molded WPE Materials
aTgB from Combined FID via Solid-Echo and CPMG Measurements?

50 samples  Tos (us) Azs (%) Tom(us) Aom (%)  ToL (us) Ao (%)

o WP 9.8 71 110 18 890 11
a WPE11 9.6 53 48 33 840 14
|3 30 WPE21 9.4 54 44 32 760 14
lE‘ WPE31 9.9 58 87 37 780 5

20 a Error of 5—8%.

1o WP, then WPE21 (PE 2:1) would form the network with the

5 highest cross-linked density, while branched structures were

formed in the WPE31 system. However, the high&sin the
Figure 3. The Ty-stat data obtained from the onset of storage Iow—t.emperature range ar?d the highegualues Wer? actually
modulus E decrease (corresponding to Ty transition) of WPE11, obtalned fo_r WPE31, which IS contrary to what is fo_und by
WPE21, WPE31, and WP. Tg-A: solution-cast samples; Tg-B: simply considering the branching effect on the WP matrix. These
compression-molded samples. results suggest that the epoxy groups of the PE segments in
WPE31 could also react with other functional groups of WP
transitions of the WPE systems were all very broad, especially and even the hydroxy groups of residual starch in the systems,
for WPE11, while those of WPE21 and WPE31 were quite especially under the thermal processing conditions. These
similar. It appeared that the distribution of grafting structures additional chemical linkages formed between the WP matrix
was broad, and cross-linking caused an effect on motional and PE segments would act as an additional cross-linking effect
homogeneity. In addition, the maximum value of tarwas to the material performance. The true effect of the cross-linking
higher for WPE21 and WPE31 as compared to that of WPE11, on the molecular motions of WPE systems is very complicated,
suggesting a more pronounced effect on the mobility of the this solid-state NMR techniques were then applied to explore
whole materials from the mobile segments of PE. The solution- the structural and motional information of the WPE systems.
cast sample of WP (especially after shearing at 4000 rpm for 2 3.3. Molecular Motions and Phase Structures of the WPE
h) was too brittle to handle for conducting a DMA test. Thermal Network. WP contains a series of different nature components,
compression molding of WPE11, WPE21, and WPE31 seemedsuch as proteins, lipids, and moisture, that could interact or be
to average out the differences among the three WPE systemsgchemically attached to the PE segments in the WPE network.
resulting in similarE’ behaviors of the systems as the temper- The different network structures formed by using different PE
ature increased. However, tfig of the WPE materials was  ratios could also result in different effects on the molecular
significantly reduced compared to that of WP, as thejtpeaks motions, as seen in the DMA results. The investigation of the
corresponding to th&, transitions for the WPE systems were molecular motions of each component and the phase structures
all shifted to lower temperatures (Figure 2B). Transition of the whole network is important for understanding the
of the WP materials (around60 °C) was not found in th&' interactions among different components in such complicated
and tano curves for all materials, possibly because of the low WPE systems. Solid-state NMR techniques have provided
moisture content in the systems{8% in solution-cast samples  powerful tools to examine the molecular motion and phase
and 5-6% in compression-molded samples). structure of the WPE networks.

The temperatures when the glass transition starfgd:) Analysis of theT, data provides information on both the
for these WPE plastics were measured by taking the onset ofmotional nature (thel, value) and the proportion of each
theE' decrease corresponding to fiigtransition and are plotted ~ motional component (the intensity of tie component) of a
in Figure 3. Because of the mobile nature of PE segments, themulticomponent/phase polymer systéhtheH T, is sensitive
WPE systems always showed a lowlgr siart value at around to the Ty transition of polymer materials. At a temperature far

WPE11 WPE21 WPE31 wp

15—30°C as compared to that of the WP sample {&) with below Ty, the T> of a polymer is usually not sensitive to an
a similar moisture content, indicating that the WPE materials increase in temperature because of the static dipolar interaction
became more flexible at room temperature. Note thal§hgan in the rigid polymer. An FID with a fast Gaussian decay giving

values of WPE systems also relied on the ratio of PE and the a shortT, time is normally observed, which is independent of
processing conditions when the same 20 wt % of PE was usedtemperatures below thi,. The T, increases significantly at the
in all WPE systems. The formation of linear PE segments Tg, and above thdy, the exponential decay is slow, resulting
attached to a WP matrix resulted in the low&gtalue, while in a long T, that is very sensitive to slow frequency motions.
high Ty values were obtained when WPE21 and WPE31 systems The 'H T, data of the compression-molded WPE samples
formed cross-linked network structures for both solution-cast obtained by combination of the FID signals measured via solid-
and compression-molded samples. Thedgeaks (correspond-  echo and CPMG pulse sequences at@a temperature above
ing to Tg) reached maximum intensities at around-80 °C the Ty—startbut below the tad maximum (corresponding ;)
(or 80—-95°C) for WPE solution-cast (or thermally processed) of all WPE samples, are listed in Table 2. All of the systems
samples. Thermal processing produced an additional effect ingenerated thre& componentsTzs, Tom, andT,) from the FID
the systems, and thus gave rise to a further increase ifigthe analysis, including WP with &y st Of 51 °C. These three
values for the materials. components describe a less plasticized protein pfaseliase),

A previous stud$? of PEODGE and EDA systems showed a plasticized phas@4y phase) and a mobile phask( phase)
that a PE ratio of 1:1 produced a linear polymer, while a PE containing plasticizers and lipit.The WP sample displayed a
ratio of 2:1 gave a cross-linked network structure. However, shortT, componentTas, 9.8us) corresponding to a rigid phase
further increase of PE ratio to 1:3 resulted in a branched (71%), while theT,y and T, with values of 110 and 890s,
polymer. If assuming that minimal epoxy groups of PEODGE respectively, reflected an intermediate phase (18%) and a mobile
were involved in grafting reactions with the amino groups of phase (11%) in the material. When PE segments were introd&Eﬁ?
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Figure 4. 13C CP/MAS (A) and SPE (B) NMR spectra of the

compression-molded WP, WPE11, WPE21, and WPE31 samples. 6

into the WP matrix, th@,sremained in the range of 9.5 t0 9.9
us, while theT,s proportion @zs) decreased from 71% to 53
58% because 20% of the mobile PE was introduced into these
WPE systems. The minor difference Aas among these WPE
systems is possibly attributed to the formation of different WPE
network structures. In WPE11, the linear PE segments graftedFigure 5. 1°C CP/MAS NMR spectra of the compression-molded
onto WP mainly played a plasticizing role on WP, thus reducing Y;/gl_zztl Sa.‘tm'[;'e”meafgreﬂ ‘(’j‘”th varied CP delay times (), where the
the proportion of the rigid phase in the material. When the iensity fotlows 2 decay:

amount of EDA was reduced, cross-linked structures were Table 3. H T, Values (us) of the Compression-Molded WPE
formed that caused the polymer segments next to the cross-Materials from *3C CP/MAS Spectra?

linked points to become rigid and then contribute to The WP @ PE @ WP @ WP @
phase. Note that the highests for WPE systems was obtained samples 173 ppm 72 ppm 55 ppm 25 ppm
in WPE3L. A large proportion of PE segments contributed to

2

180 140 100 60 20 ppm

; . > WP 14.7 14.1 15.4
the intermediateTom) phase as théyy proportion increased WPE1L1 135 12.3/48%

: . . . b 13.0 13.7
to 33-37% from 18% for WP, and remained relatively constant 0
in all WPE systems. Th&, value of theT,y phase decreased 2 3.0 3;'2;53/0 3 33

y WPE21 13. 12.2/49% 13.7 13.

to 44—48 us for WPE11l and WPE21 as compared to K0 a1 5/5102
for that of WP, but it then increased to @& for WPE31. It WPE31 13.2 12.8/57% 131 14.8
seemed that these PE segments were less mobile than that of 56.1/43%

plasticized WP. The relatively longéky in WPE31 could be
due to the contribution from other mobile components in WP aError of 5—-8%.
associated with the cross-linked network; note thatthewas
only 5% for WPE31. Thel,_ values of WPE were all lower  shown in Figure 5. After the 90pulse in the proton channel,
than that of WP, suggesting that moisture and lipids could also the intensities of proton resonances decreased with an increase
associate to the networks to some extent. The wide distributionin CP delay time following'H T, decay, and such intensity
of mobility in different phases caused a broad t@rpeak variation transferred to th€C resonances observed via &8’
corresponding to th&y transition, as shown in Figure 2. At a short CP delay time, the observeg resonances reflected
High-resolution solid-state NMR techniques were applied to all WPE21 resonances enhanced via CP. As the CP delay
detect’>C NMR spectra of the WPE networks. The CP/MAS/ increased, these resonances decreased their intensities following
DD method is sensitive to the rigid components of materials, H T, decays. The WP resonances in all WPE systems displayed
as the enhancement of the carbon signals is due to thea fast Gaussian decay with a singlevalue, while the intensity
polarization transfer from protons to nearby carbons via strong at 72 ppm (PE) decayed slower, showing a combination of a
dipolar interactions in rigid polymers. On the other hand, the fast Gaussian and a slow exponential decay. Certainly, more
SPE method with a repetition time as shostas issensitive mobile components such as lipids or free PE (if it existed) would
to the mobile components of a polymer system. T¥#& CP/ be missed by CP/MAS observation because of their weak CP
MAS and SPE spectra of WP and WPE materials are shown in capability due to fast molecular motions.
Figure 4 with resonance assignment as reported in previous TheT, values of the WP and WPE samples observed by the
paperst®~18 Note that the PEO signal of PE segments at 72 CP/MAS method are listed in Table 3. Thd T, data of the
pp?” were not only detected in the SPE spectra, but also in WP sample observed from aiC resonances were identical at
the CP/MAS spectra, suggesting a wide distribution of the 14—15us. When the mobile PE segments were introduced into
mobility of the PE segments and strong interactions between the WP system, the observé&gvalues from the WP resonances
WP and PE segments due to the chemical linkages and hydrogerstill remained in a similar range of 3.4 us, irrespective of
bonding interactions via various polar functional groups within the PE ratio. Thd>, values observed from the PE resonance at
the two components. 72 ppm displayed two-component decays. The values of the
The resonances of WP and the PEO of PE segments do nosshortT, components were around-123us in all WPE samples,
overlap each other in tHéC NMR spectra (Figure 4), thus the  but the proportion of this component increased slightly as the
behaviors of WP and PE components in the networks can be EDA content decreased. The values of the lorigezomponent
examined individually from the NMR relaxation parameters observed at 72 ppm were similar to thoségfi shown in Table
observed at these resonances. Ti&CP/MAS NMR spectra 2, and the proportion of this component decreased slightly when
of a WPE21 sample observed with varied CP delay times arethe EDA content decreased, indicating that some of thec%l%
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Table 4. 1H T, Values (ms) of the Moisture and Lipid in
Compression-Molded WPE Materials via *H MAS Spectra?

WPE31 ¥ moisture
and PE @ lipd@ lipd@ lipid@ lipid @
}\ samples 4.5-3.5ppm 55ppm 2.1ppm 1.3ppm 0.9 ppm
WPE21 \ j

i WP 0.23 0.53 2.9 7.7 5.5
\ WPE11 0.27 0.60 1.8 7.8 6.4
S— WPE21 0.28 0.46 1.4 6.7 5.3
)K WPE31 0.27 0.41 1.0 6.5 4.6
V/VF”El»/,L & a Error of 2—6%.

tions. The high-resolution solid-state NMR studies indicated that
' MJ there was a broad mobility distribution of PE segments in the
1\’1/\,\ \__ WPE networks; the PE segments existed in all rigid, intermedi-

T ate, and mobile phases of the systems.

o8 &8 4 2 0 pem The lipid in WP is usually associated with protein chains with
Figure 6. 'H MAS NMR spectra of the compression-molded WP, the assignment of lipid previously report&dThe formation of
WPELL, WPE21, and WPESL samples. The arrow shows the shift of WPE networks restricted the mobility of the lipid, especially
the broad peak from 4.2 ppm in WP to 3.5 ppm in WPE systems. . .
when cross-linked structures were formed, as seen in Table 4.
segments became rigid when forming cross-linked WPE net- Note that each resonance in lipid displayed a different motional
works. The difference in CP capability among these phasesrestriction effect. Thd, data of—CH,—COO— protons at 2.1
caused the phase composition to not be directly related to theppm decreased in all WPE samples, indicating that the interac-
proportions of theT, components presented in Table 3. The tions between the-COO- groups of lipid and the WPE
limited numbers of chemical linkages between WP and PE networks (most likely the PE segments) were stronger than those
cannot explain the significant amount of rigid PE component between lipids and WPs. TheCH,— on the lipid chains (1.3
measured, even in WPEL11l. It is possible that the strong ppm) and the-CH3 groups (0.9 ppm) are not involved at the
interactions (possibly hydrogen bonding) between PE and WP interaction centers, thuk, only decreased slightly in WPE21
segments due to the large amount of polar groups in both and WPE31 networks. The difference between'th&,, values
components may immobilize the PE segments to a great extentin Table 2 and those of lipid and water in Table 4 is partially
The results indicate that tiles components in the WPE systems  due to the difference in measurement methods. The application
shown in Table 2 should consist of a certain level of PE of MAS effectively averaged the dipolar interactions of the
segments strongly interacting with WP to become rigid, while mobile species such as water and lipid, thus tfieibecame
the Tw components could include an increased contribution much longer under MAS conditions. On the other hand, some
from WP chains plasticized by other mobile PE segments. The proportion of moisture or lipid might contribute to tfigy phase
relatively longerToy value for WPE31 (Table)2and the longer  in WPE31, which would be missed by CPMG/MAS observation.
T, value observed at 72 ppm (Table 3) reflect the mobile nature
of the PE network when the amount of EDA was lower and
free mobile PEODGE chains could remain in the system. Even 4. Conclusions
though theT,y phase in WPE31 was relatively mobile, the
lowest proportion of mobile component and the highest amount  The mobile PEODGE segments were chemically grafted onto
of rigid phase still produced the highe$g for the WPE31 a soluble WP, and different network structures were formed
system. via coupling reactions with EDA in different ratios. When the
The most mobile components in the WPE systems were PE ratio was 1:1, linear PEs were the predominant segments
examined by'H MAS spectra via the CPMG pulse sequence, grafted onto WP chains and caused the molecular weight of
as shown in Figure 6. Lipid and water signals detected in WP WPEL1 to increase. Reducing the amount of EDA in the WPE
were similar to those reported previously for plasticized WP systems resulted in the formation of cross-linked polymer
systemdg®-1826 However, the broad peak around 4.2 ppm networks and a significant decrease in the solubility of the
(moisture) in WP shifted to around 3.5 ppm in the WPE systems, materials. The WPE systems exhibited a wide structure and
suggesting a contribution from some very mobile PE segments mobility distribution, thus resulting in a broaig transition for
(—CH,—CH,—0-) to these broad peaks. THe T, values of the materials. In general, the WPE materials were flexible at
the water, PE, and lipids obtained via the CPMG/MAS method room temperature, and thg, shifted to lower temperatures
are listed in Table 4. Note that tAel T, values observed from  compared to that of WP alone. The chemical bonding and strong
the broad peak around 3.5 ppm for WPE networks were quite intra- and intermolecular interactions between the WP and PE
similar to each other but slightly longer than that observed at segments resulted in a broad distribution of molecular motions
4.2 ppm for WP, suggesting that the PE segments detected byof the WPE materials. The PE segments were present in all
this method were slightly more mobile than the moisture in WP. rigid, intermediate, and mobile phases, while the proportion of
The moisture remaining in the WPE networks should mainly mobile WP chains was increased due to the plasticization effect
be the bound water at a moisture content as low -aé @it from the mobile PE segments. The mobility of the most mobile
%,!® and fast chemical exchange within the system would component lipid was also restricted to some extent when forming
average out the difference in the mobility of these water the cross-linked WPE networks. This study demonstrated that
molecules associated with different species. The data the formation of different network structures with PE segments
observed for WPE systems at 3.5 ppm reflect an averagecould significantly improve the flexibility of WP materials, vary
mobility of these very mobile PE segments and the bound water the solubility, and modify the mechanical performance of WP-
associated with WPE segments via hydrogen bonding interac-based natural polymer materials. CDV
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