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ABSTRACT: Poly(ethylene-co-vinyl alcohol) was modi-
fied by the covalent bonding of a glucose ester via acetal
formation of a surface hydroxyl group using acid as the
catalyst. Grafted copolymers were characterized by 'H-
NMR, Fourier transform IR spectroscopy, differential

scanning calorimetry, and thermogravimetric analysis. ©
2006 Wiley Periodicals, Inc. ] Appl Polym Sci 102: 227-232, 2006
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INTRODUCTION

Synthetic polymers having pendant sugar residues as
side chains, which are referred to as “glycopolymers,”
are of great interest, not only for simplified models of
biopolymers bearing oligosaccharides but also for ar-
tificial glycoconjugates in biochemistry and medi-
cine,"? which have a variety of potential applica-
tions,> ® such as macromolecular drugs,® drug deliv-
ery systems,® cell culture substrates,”® and the
stationary phase in separation.”® In general, the cre-
ation of synthetic glycopolymers can be classified into
two main methods'? the polymerization of sugar-
bearing monomers and the postmodification of syn-
thetic polymers with saccharide-containing reagents.

Although the polymer reaction method frequently
results in glycopolymers having less regular struc-
tures because of incomplete reactions due to steric
hindrance, the latter method is more simple and con-
venient than the former polymerization method, be-
cause the synthesis of sugar-bearing monomers often
requires tedious multistep reactions. Several studies
described the incorporation of a sugar group onto the
polymer backbone by a polymer analogous reac-
tion.>? 2 For example, Bahulekar et al.® utilized this
strategy to graft glucose and galactose onto poly-
acrylamides. Takaksu et al.” reported that N-acetyl
glucosamine and chitobiose substituted poly(vinyl al-
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cohol). Galgali and coworkers succcessfully incorpo-
rated glucose, sucrose, and lactose onto poly(styrene-
maleic anhydride) copolymers using a polymer anal-
ogous reaction.'® Alvarez et al. reported that sucrose
was also grafted onto butadiene acrylic acid copoly-
mers and poly(butadiene carboxylate) by the post-
modification method."" These works showed dramatic
improvement in the rates of biodegradation of these
polymers and/or cell compatibility.” "2

Ethylene vinyl alcohol copolymer (EVOH32) con-
sists of segments of a hydrophobic ethylene and a
hydrophilic vinyl alcohol with reactive hydroxyl
groups, which have excellent mechanical properties,
barrier properties to gases and hydrocarbons, biocom-
patibility, and refractoriness in the body environment.
These qualities favor their applications as food pack-
ing and use in clinical applications as a hollow fiber
dialyzer for hemodialysis."> Many works on the mod-
ification of EVOH32 by the introduction of different
amounts of functional groups, such as carboxyl
groups, sulfonic groups, heparin, lysine, and e-capro-
lactone, were reported to enhance its biocompatibility
and/or biodegradability.'*' Although there were a
few studies on blends of EVOH32 with polysaccha-
ride,”” no report was made on the modification of
EVOH32 by incorporating sugar moieties onto the
polymer backbone.

In the present study, the chemical modification of
the hydroxyl groups of EVOH32 was carried out by
the covalent bonding of a glucose ester via a glycosi-
dation reaction. Grafted copolymers were character-
ized by "H-NMR, Fourier transform IR (FTIR), differ-
ential scanning calorimetry (DSC), and thermogravi-
metric analysis (TGA). The effects of the molar ratios
of the OH/aldehyde group of the glucose ester on the
degree of grafting were also investigated.
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Scheme 1 The synthesis of 2,3,4,6-tetra-O-acetyl-1-O-benzaldehyde-B-glucopyranose.

EXPERIMENTAL reaction mixture was stirred for 6 h under N, at
. 50.0°C. After cooling to room temperature, the solu-

Materials

The EVOH32 used in this study is a commercial prod-
uct from Kuraray, consisting of 32 mol % ethylene.
N,N-Dimethylformamide (DMF) was dried over cal-
cium hydride and distilled under reduce pressure.
Chloroform, alcohol, ether, deionized water, magne-
sium sulfate anhydride, concentrated sulfuric acid,
sodium hydroxide, and tetrabutylammonium bro-
mide (Bu,NBr) were purchased and used without fur-
ther purification. P-Hydroxybenzaldehyde was re-
crystallized from deionized water. 2,3,4,6-tetra-O-
Acetyl-a-D-glucopyranose bromide was prepared
according to the literature.*

Synthesis of 2,3,4,6-tetra-o-acetyl-1-o0-
benzaldehyde-a-glucopyranose (compound I)

The synthesis of compound I was carried out accord-
ing to the method reported in the literature®** with
slight modification. In the typical process, Bu,;NBr
(0.65 g, 2.10 mmol), deionized water (10 mL), and
CHCl; (10 mL) were added to a 150-mL three-necked
flask with stirring at 50.0°C. Then, the flask was bub-
bled with nitrogen for 10 min. The solution of P-
hydroxybenzaldehyde (0.77 g, 6.30 mmol) and NaOH
(2.80 g, 6.90 mmol) in 10.0 mL of deionized water and
a solution of 2,3,4,6-tetra-O-acetyl-a-p-glucopyranose
bromide (2.50 g, 6.10 mmol) in 10 mL of CHCI; were
slowly added dropwise during a 1.5-h period. The
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Figure 1 The FTIR spectrum of compound I (KBr).

tion was extracted 3 times with 30 mL of CHCl,. The
CHCl; layer was washed with deionized water fol-
lowed by brine. Then, the CHCl; layer was separated,
dried with magnesium sulfate anhydride, and fil-
trated. The solvent was removed by distillation. The
residue was recrystallized in alcohol, giving 1.93 g of
a white solid, and dried in vacuo at 50°C for 24 h (mp
1it.*> 144.0-145.0°C).

ANAL. Caled for Cy1H,,0;4y: C, 55.75%; H, 5.35%.
Found: C, 55.72%; H, 5.36%. IR (KBr, cm™"): 3076
(Var—1p W), 2952 (Vs c 11 W), 2844 (v, g1, W), 1746
(ve—o, ester), 1696 (vc—o, aldehyde), 1602 (ve—c, Ar),
1505 (ve—c, Ar), 1499 and 1378 (8- ), 1231 (Ar—0,
C—0), 1047 (vc_o_c), 911 (8¢1_py, B-glucopyranose).
'H-NMR (300 MHz, CDCl,, 8): 2.50 (CH,CO), 3.40-
5.40 (glucopyranose ring), 7.10 and 7.80 (Ar=H), 9.93
(CHO).

Synthesis of tetra-o-acetyl-p-glucose substituted
EVOH32

In a typical experimental process, 0.25 g of EVOH32
([OH] = 4.4 mmol) was dissolved in 20 mL of DMF at
65.0°C and cooled to room temperature, and several
drops of concentrated sulfuric acid were added under
nitrogen with stirring until a homogenous solution
was attained. Then, a solution of compound I in 5 mL
of DMF was added to the solution by syringe and the
reaction mixture was stirred for 20 h under N, at room
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Figure 2 The '"H-NMR spectrum of compound I (CDCL,).
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Scheme 2 The reaction of EVOH32 with sugar aldehyde via acetal formation.

temperature. After the reaction was completed, ether
was added and the polymer was precipitated. The
precipitate was washed with alcohol followed by
deionized water. The procedure was repeated 3 times.
The polymer was dipped in alcohol overnight, fil-
trated, and dried in vacuo at 50.0°C for 24 h. The dried
polymer was stored in a desiccator.

Measures and characterizations

The FTIR transmission spectra were obtained on a
Vector 22 spectrometer using KBr pellets for com-
pound I from 400 to 4000 cm ! at a resolution of 4
cm ! (16 scans collected). Unless otherwise noted,
samples were measured as films cast from the solution
of DMF, which was dried for 20 h at 50°C under a
vacuum. 'H-NMR analyses were performed on a Var-
ian Mercury 300 spectrometer (300 MHz) for com-
pound I and EVOH32. Grafted polymers were exam-
ined on an Inova 500 spectrometer (500 MHz). Chem-
ical shifts are reported in parts per million using
tetramethylsilane as internal reference for the 'H-
NMR spectra. Elemental analyses were performed on
a Varioel spectrometer.

DSC thermograms were recorded on PerkinElmer
Diamond DSC. The samples (6.0 = 1.0 mg) were
heated from 50 to 250°C at a rate of 10°C min™ " in the
first scan and then rapidly quenched to 50 °C. The
second heating scan was performed in the same way.
The melting temperature (T,,) and melting enthalpy
(AH) of EVOH32 and/or grafted polymer were deter-
mined from the second heating scan. The TGA was
performed on a Dupont TG 2000 apparatus in a tem-
perature range from 40 to 550°C at a scanning speed of
10°C/min under a nitrogen atmosphere.

RESULTS AND DISCUSSION
Monomer synthesis

Compound I was prepared by phase transfer catalyst
according to the procedure described in Scheme 1. The
'"H-NMR and FTIR spectra of the monomer are re-
ported in Figures 1 and 2. In combination with the

various peak assignments and melting point agree-
ment with the literature,?® the structure was con-
firmed.

It is well known that aldehyde reacts with the hy-
droxyl group of binary alcohol to form acetal when
using sulfuric acid as the catalyst by nucleophilic ad-
dition. Scheme 2 shows the reaction scheme of
EVOH32 with sugar aldehyde via acetal formation.
The reactions were investigated with molar ratios of
the aldehyde group of compound I to the hydroxyl of
EVOH32 ([OH]/[CHOQO]) at 1:5 and 1:15, respectively.
The FTIR spectra of the modified EVOH32 are pre-
sented in Figure 3. It was observed from Figure 3 that
the band at 1744 cm ™!, which was characterized as the
carbonyl corresponding to the glucose ester moieties,
appeared on the grafted polymer and the intensity
increased with the increase of the molar ratio of [OH]/
[CHOY]. It can be also seen by comparing spectra a and
b in Figure 3 that the intensity of the band at around
3500 cm ™! decreased and the intensity of the bands at
1512 and 1600 cm ™! corresponding to the phenyl ring
increased with the increase of the molar ratio of [OH]/
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Figure 3 FTIR spectra of EVOH32 modified by glucose
ester at [OH]/[CHO] = 1:5 (spectrum a) and [OH]/[CHO] =
1:15 (spectrum b). The other reaction conditions are [OH] =
4.4 mmol at room temperature for 20 h with 25.0 mL of
DMEF.
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Figure 4 'H-NMR spectra of (a) EVOH32 (DMSO-d,) and (b) EVOH32 modified by glucose ester (DMSO-d;). The reaction
conditions are at room temperature for 20 h with 25.0 mL of DMF, [OH] = 4.4 mmol, and [OH]/[CHO] = 1:15.

[CHO]. In comparison with the IR spectrum of com-
pound I (seen Fig. 2), the band at 1696 cm ™' for the
aldehyde group of the glucose ester disappears. These
results indicated that the acetal-forming reaction had
actually taken place.

Figure 4(b) shows the '"H-NMR spectra of EVOH32
modified with glucose ester at a [OH]/[CHO] molar
ratio of 1:15. Compared to the 'H-NMR spectra of
EVOH32 in spectrum a in Figure 4, spectrum b shows
new peaks at 2.0 and 7.0-7.5 ppm, which were attrib-
uted to the CH; of CH;CO and phenyl ring protons of
the glucose ester moieties. Then, multipeaks at 5-5.5
ppm corresponding to a sugar ring proton appeared.
The proton of the aldehyde of the glucose ester at 9.93
ppm (Fig. 1) also disappeared in spectrum b in Figure

4. These results suggested that the sugar moieties
successfully incorporated onto the EVOH32 backbone.

Thermal properties of polymers

DSC thermograms of the EVOH32 as well as the
grafted EVOH32 at a [OH]/[CHO] molar ratio of 1:15
are shown in Figure 5. The T,, values of EVOH32 and
glucose ester-graft-EVOH32 were 182.6 and 165.4°C,
respectively. The T,, of the glucose ester substituted
EVOH32 shifted to a lower temperature by 17.2°C
compared with unmodified EVOH32. The AH values
of EVOH32 and glucose ester substituted EVOH32
were 73.6 and 36.7 J/g, respectively. The crystalliza-
tion of EVOH32 was inhibited by the introduction of
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Figure 5 DSC curves of (a) sugar modified EVOH32 and (b) EVOH32. The reaction conditions are at room temperature for
20 h with 25.0 mL of DMF, [OH] = 4.4 mmol, and [OH]/[CHO] = 1:15. [Color figure can be viewed in the online issue, which

is available at www.interscience.wiley.com.]

the sugar group as evidenced by the decrease of the T,
and AH. The decreasing trends in the T,, and AH
presumedly resulted from incorporation of bulky glu-
cosyl moieties onto EVOH32, subsequently weaken-
ing the intramolecular hydrogen bonds of the modi-
fied EVOH32.

Thermal degradation of EVOH32 and modified
EVOH32 at molar ratio of [OH]/[CHO] = 1:15 was

analyzed by TG/derivative TG (DTG) experiments.
Figure 6 represents the TG curves obtained for
EVOHS32 and modified EVOH32. It can be seen from
the figure that the degradation of modified EVOH32
happened at a lower temperature than that of
EVOH32. To obtain further decomposition informa-
tion, the DTG curves were recorded in Figure 7. Note
that the curves of EVOH32 and modified EVOH32
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show two main peaks, corresponding to the maximum
degradation rate, of each component. For EVOH32,
the first peak at about 363.4°C can be attributed to the
major component, poly(vinyl alcohol). The second
peak, observed at higher temperatures, can be attrib-
uted to the ethylene cocomponent.”® Comparing mod-
ified EVOH32 with EVOH32, the first degradation
peak of modified EVOH32 is shifted to higher temper-
ature values by about 16.1°C, possibly because of the
inhibition of the elimination of hydroxyl groups in the
poly(vinyl alcohol) unit. The second peak temperature
values were unchanged, which was due to the decom-
position of the ethylene segment in EVOH32.

CONCLUSIONS

The incorporation of glucose ester into EVOH32 by
acetal formation using acid as a catalyst was con-
firmed by IR and 'H-NMR spectra. The melting tem-
perature and melting enthalpy of modified EVOH32
had lower values than those of EVOH32. The TG/
DTG results showed that EVOH32 and modified
EVOH32 had two decomposition stages. The modified
EVOH32 at the first degradation peak shifted to
higher temperature values. Studies on the effect of
glucose ester on the biodegradability, wetting, and
barrier properties of EVOH32 are underway.
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Figure 6 TGA curves for EVOH32 (curve a) and glucose
ester modified EVOH32 (curve b) samples at a heating rate
of 10°C min ™~ 'with [OH] = 4.4 mmol and [OH]/[CHO] =
1:15. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

LIU ET AL.

Dariw Taight [X)

2

Figure 7 DTG curves for EVOH32 (curve a) and glucose
ester modified EVOH32 (curve b) samples at a heating rate
of 10°C min 'with [OH] = 4.4 mmol and [OH]/[CHO] =
1:15. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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