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Abstract

Novel monomers, combining synthetic and natural compounds, methacrylated
glucose (MGlu) and acrylated glucose (AGlu), and their polymers and hybrid
copolymers with methyl methacrylate (MMA) or MMA/N-vinylpyrrolidone
(MMA/NVP, 1:1), at 10, 20 or 30wt.% MGlu or AGlu, were synthesized. These
polymeric materials were characterized over the broad temperature range by
DMA and TGA, and also in the biodegradation tests. Constrained dynamics
effect and more pronounced dynamic heterogeneity over the broad temperature

range, with increasing T, values by ~15°C-30°C, were registered in all cases in
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the hybrids compared to those in the initial polymers. Some increase in the
thermal stability at ~150°C-240°C was attained in some of the hybrids. A
considerable rise of modulus and essential enhancing of biodegradability were
also registered but only under conditions of elevated polymer hygroscopicity,
i.e., for MMA/NVP copolymer.

1. Introduction

Monosaccharides (glucose and others), oligosaccharides and
polysaccharides (cellulose, starch), are the most abundant class of organic
compounds found in living organisms and synthesized by plants via
photosynthesis processes. Now these carbohydrates and their processing
products are used in different areas of industry, frequently in
combination with synthetic polymers to enhance biodegradability and
biocompatibility of the latter ones. Thus, starch-synthetic polymer blends
and derivatives are known, which sometimes provide the complete
biodegradability [1, 2]. Therefore, they are often used for the
manufacture of plastic packaging; using only synthetic materials
contributes to increasing the amount of plastic waste, which causes
serious environmental and economic problems. The best solution of the
above problem is to produce materials with biodegradable components, in

particular including some additives of carbohydrates [3-6].

On this way, it would be of interest also to search for new saccharide-
containing monomers capable of creating in the process of copolymerization
with another monomers new hybrid polymeric materials degradable in
the environment. This problem is especially topical for non-biodegradable
or slightly degradable synthetic polymers. There are some attempts on
this way. For example, the products based on acrylic/methacrylic
derivatives and cellulose, with increased biodegradability and water
absorption, were prepared for biomedical applications [6]. New
methacrylate hydrogels were described which combined saccharide
moieties and methacrylate groups [7]. Monosaccharide-functionalized
poly(phenyl acetylene)s and their composites with multi-walled carbon
nanotubes (MWCNTSs) were synthesized [8]. The results [9] suggest that
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such functionalized poly (phenyl acetylene)s can be promising candidates
for the fabrication of tissue-engineering materials. Glucose-functionalized
MWCNTSs provided a fine dispersion of MWCNT bundles in the polymer
matrix and significantly increased the thermal stability of hybrid
bionanocomposites obtained [10]. Recently, we presented the preliminary
experimental data on methacrylated monosaccharides as the modifiers

for carbochain polymers [11].

The goal of this work was the attempt of enhancing properties and
biodegradability of carbochain linear polymers via their chemical
hybridization with glucose. For this aim, the new products,
methacrylated and acrylated derivatives of glucose, and their copolymers
with methyl methacrylate (MMA) or MMA/N-vinylpyrrolidone mixture
(MMA/NVP), were synthesized and characterized.

2. Experimental Part

2.1. Materials

The materials for investigation were prepared in three stages. First,
2,3,4,6-tetra-O-acetate-D-glucopyranose bromide was obtained by the
procedure described by Vogel [12]. Then, the reaction of the product
obtained with potassium methacrylate or potassium acrylate in dimethyl
formamide was performed with formation of 2,3,4,6-penta-O-acetate-1-
methacryloylglucopyranose (MGlu) or 2,3,4,6-penta-O-acetate-1-acryloyl-
glucopyranose (AGlu), respectively. And, thirdly, these modifiers were
incorporated into carbochain polymers by copolymerization, with

formation the hybrid copolymer materials.

Thus, the new products, methacrylated derivative of glucose,
acrylated derivative of glucose, their polymers and copolymers with MMA

and MMA/NVP mixture were synthesized and characterized.



40 VLADIMIR BERSHTEIN et al.
2.1.1. Reagents

Glucose, phosphorus (red, amorphous), methacrylic acid, acrylic acid,
and N,N-dimethylformamide came from Fluka AG (Buchs, Switzerland).
Reagent grade acetic anhydride, anhydrous zinc chloride, bromine,
potassium hydroxide, hexane, methanol, dichloromethane, and sodium
bicarbonate were received from POCh (Gliwice, Poland). Methyl
methacrylate (MMA) and N-vinylpyrrolidone (NVP) came from Sigma-
Aldrich. Photoinitiator Irgacure 651 was bought in Ciba (Basel,

Switzerland).
2.1.2. Preparation of 2,3,4,6-tetra-O-acetate-D-glucopyranose bromide

To obtain bromide of 2,3,4,6-tetra-O-acetate-D-glucopyranose, the
procedure described by Vogel [12] was applied. According to this
procedure, 200mL of acetic anhydride and 8g of anhydrous zinc chloride
were placed into a three-necked flask and stirred till zinc chloride will be
dissolved. Next, 50g of glucose was added while stirring, and the mixture
was heated for 1h at 30°C. When the reaction was over, the mixture was
cooled to 20°C, and 15.5g of phosphorus was added while stirring. Next,
29ml of bromine was dropped while stirring. After adding bromine, 18mL
of water was added and the mixture was maintained at room
temperature for 24h. Then, it was diluted by 150mL of dichloromethane
and filtered through a glass funnel. After that, the organic layer was
transferred to the distributor and washed with two portions of ice water.
Next, the organic layer (in dichloromethane) was introduced while
stirring into a saturated sodium bicarbonate solution containing a bit of
crushed ice. When carbon dioxide ceased to exude, organic layer was
dried over silica gel, and the solvent was removed on a rotary evaporator
at 60°C. The obtained precipitate of 2,3,4,6-tetra-O-acetate-D-
glucopyranose bromide was dried in air. After crystallization from hexane
its m.p. was 88°C-89°C.
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2.1.3. Preparation of 2,3,4,6-penta-O-acetate-1-methacryloylgluco-
pyranose (MGlu) and 2,3,4,6-penta-O-acetate-l-acryloylgluco-
pyranose (AGlu)

To obtain MGIu, 8g of 2,3,4,6-tetra-O-acetate-D-glucopyranose
bromide, 7.4g of methacrylic acid, 5.5g potassium hydroxide, and 32mL of
N,N-dimethylformamide were placed into a flask and heated to 65°C
while stirring; heating continued for 30 min. When the reaction was over,
the resulting mixture was poured into water containing crushed ice,
stirring constantly. Next, the obtained MGlu precipitate was filtered off,
dried in air and crystallized from methanol. Its m.p. was 97.8°C-98.1°C.
The similar procedure (with using acrylic acid) was applied for preparing
2,3,4,6-penta-0-acetate-1-acryloylglucopyranose (AGlu) with m.p. 102.6°C-
103.0°C.

Figure 1 shows a scheme of synthesis of MGlu and the AGlu formula.

The chemical structures of the products obtained were confirmed by

'H NMR, 3¢ NMR, and FTIR analyses.
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Figure 1. (a) A scheme of synthesis and chemical structure of 2,3,4,6-
penta-O-acetate-1-methacryloylglucopyranose, (b) the structural formula
of 2,3,4,6-penta-0-acetate-1-acryloylglucopyranose.

2.1.4. Preparation of polymeric samples

In order to prepare the polymeric materials under study, MMA or
MMA/NVP (1:1) mixture were mixed with 10, 20 or 30wt.% MGlu or
AGlu. Next, 1wt.% of UV photoinitiator (Irgacure 651) was introduced
into the monomers, and the photopolymerization for 3h at 20°C was
performed by using black light lamp 366nm (Philips, TSMO0022
TL-D18W). As the reference materials, homopolymers of MMA, MGlu,
AGIlu and MMA/NVP copolymer were also prepared via the same
procedure. It should be noted that all the hybrids are linear polymer
systems since they manifested solubility in usual solvents. All plates

obtained were of 1.5mm-2mm in thickness.
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2.2. Methods

Dynamic mechanical analysis (DMA) and thermogravimetric analysis
(TGA) were used for the characterization of samples, and also their

comparative biodegradability was estimated.

DMA was performed in the tensile mode using a DMS 6100 Seiko
Instruments spectrometer, at 0.1, 1, and 10Hz over the temperature
range from — 120°C to 130°C, at heating rate of 2°C min~!. Loss modulus E "
storage (dynamic) modulus E’, and mechanical loss factor tan 6 = E"/E’
as the functions of temperature were measured. The test samples were of
about 40 x 10 x 1.5mm® in size. Glass transition temperatures, Tgs, were
determined in the maxima of main relaxation tan §(7") peaks measured

at 1Hz. Moreover, the relevant activation energies of o (glass) transition,

O,, and B relaxation, Op, were estimated from the DMA data obtained

at different frequencies.

TGA was carried out using STA 449 F1 Jupiter® (NETZSCH)

instrument over the 20°C to 500°C range, at heating rate of 10°C min~'.

Biodegradability tests were performed for three specimens with

60 x 30 x 2mm? in size for an each composition. The samples were buried
into the biologically active soil, free of impurities and particles, at the
depth of ca. 20mm. The soil was maintained at pH = 5-7, temperature of
22 + 2°C and relative air humidity of 20 + 2%. The specimens were
extracted out every 30 days during overall testing time of 180 days,
cleaned, dried in vacuum at 50°C for 5h, and then 24h in a dessicator to
ensure water desorption before measurements; then, mass loss was

estimated. All measurements have been performed in air atmosphere.
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3. Results and Discussion

3.1. Dynamic mechanical analysis

The results of comparative dynamic mechanical analysis of PMMA,
MMA/NVP copolymer and a series of hybrids, based thereon and MGlu
and AGlu, are presented in Figures 2-7 and in Table 1. On the whole,
embedding MGlu or AGlu units into polymer chains results in the

considerable changes in polymer relaxation and elastic properties.

Figure 2 displays loss modulus E” versus temperature plots obtained
for neat PMMA and its hybrids with MGlu units over the temperature
range of about 250°C. Ty, Q, and E', . values for these samples are

presented in Table 1. One can see two peculiarities of the relaxation
spectra of the hybrids: (a) an essential suppression of mobility
(“constrained dynamics effect”) over the whole temperature range under
study, with shifting T, from 108°C to 124°C (Table 1), and (b) the

distinctive manifestation of the complicated nature of the broad p-relaxation
region, extending from — 50°C to 50°C. The latter has the maximum only
at 10°C-20°C for neat PMMA but the contour with, e.g., four maxima at —
30°C, 0°C, 10°C, and 35°C for the hybrid with 30wt.% MGlu (Figure 2).

This enhanced dynamic heterogeneity in the B relaxation range (this

relaxation is associated with noncooperative motion of segments in the
points of loosened molecular packing [13, 14]) may be caused, obviously,
with the enhanced differences in molecular packing in hybrids containing
PMMA and embedded MGlu units. Table 1 shows that dynamic modulus

E' at 20°C, i.e., in the region of B relaxation, decreases from 3.1GPa to

1.5-2.0GPa in these cases.
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Table 1. Glass transition temperatures and activation energies, and

storage (dynamic) modulus values obtained by DMA for the materials

under study

Oa

g 20°
wt.% °C kd/mole GPa
PMMA + mMGlu
0 108 500 3.1
10 116 590 1.7
20 114 660 1.5
30 124 500 2.0

MMA/NVP copolymer + mMGlu

0 97 350 1.3
10 117 350 1.9
20 115 460 1.7
30 126 410 2.0

MMA/NVP copolymer + mAGlu
0 97 350 1.3
10 99 320 1.9
20 108 360 1.9
30 111 380 1.8

Note: The accuracies of Tg, 0, and E‘20o

determinations are +1°C, +£15% and +5%,

respectively



46 VLADIMIR BERSHTEIN et al.

PMMA+ MGlu, % /
i /'
|

200

H
P LR T SR [P | VSRRV | I ¢ 1y . M |

-100  -50 0 50 100
T,°C

Figure 2. DMA (1Hz): loss modulus E” versus temperature dependencies
obtained for PMMA and the hybrids (copolymers) of MMA with 10, 20,
and 30wt.% MGlu.

Figures 3-5 and Table 1 present the experimental data on relaxation
and elastic properties of neat MMA/NVP copolymer and its hybrids with
MGIu or AGlu units. The stronger constrained dynamics effect is
observed over the broad temperature range in the copolymer-MGlu
hybrids: 7, increases from 97°C up to 126°C but up to 111°C in the case

of modifying copolymer with AGlu (Table 1). Figure 3(a) shows that a
steep rise of tan § starts at about 60°C for neat MMA/NVP copolymer but
from 95°C-100°C only after embedding 30wt.% MGlu into this copolymer.

Several discernable sub- T, relaxations may be seen also in these
hybrids’ spectra over the temperature range from — 30°C to 40°C (Figure

3(b)). Again, the discrete character of these spectra implies arising the

essential dynamic heterogeneity in the hybrids as a consequence of
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manifestation of f relaxation and relaxations with reduced degrees of

intermolecular cooperativity of segmental motion at T < Ty, due to

loosening locally the molecular packing.
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Figure 3. (a), (b) DMA (1Hz): mechanical loss factor tan & versus
temperature dependencies obtained for MMA/NVP copolymer and its

hybrids with 10, 20, and 30wt.% MGlu.
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MMA/NVP copolymer is characterized with relatively low modulus
E' = 1.3GPa at 20°C, and it increases up to 1.9-2.0GPa in the hybrids
(Table 1). Figures 4(a) and 5(b) show that the enhanced rigidity of the

latter hybrids as compared to that of neat copolymer is retained also at

elevated temperatures.
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Figure 4. DMA (1Hz): (a) storage (dynamic) modulus E', and (b) loss

modulus E" versus

temperature dependencies obtained for MMA/NVP

copolymer and its hybrids with 10, 20, and 30wt.% MGlu.
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Figure 5. DMA (1Hz): (a) mechanical loss factor tan 8, and (b) storage
(dynamic) modulus E' versus temperature dependencies obtained for
MMA/NVP copolymer and its hybrids with 10, 20, and 30wt.% AGlu.
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At last, the constrained dynamics effect, caused by covalent
embedding glucose derivative, MGlu or AGlu units, into carbon-carbon
polymer chains, manifested itself also in the experiments performed at
different frequencies (see the examples of the spectra in Figures 6 and 7),

with estimating effective activation energies of glass transition Q, and
B relaxation QOg. The data presented in Figure 6 show the effect of twice
increase in Op value, from 60 to 120kd/mole, in the PMMA/MGIlu (20%)
hybrid. Increasing 7, of polymers under study due to their modification

was accompanied also with increasing Q, by 10-30%, for example, from

500 to 590-660kd/mole for the hybrids of PMMA with 10-20wt.% MGlu
(Table 1).
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Figure 6. DMA: loss modulus E" versus temperature dependencies

obtained at 1 and 10Hz for (a) PMMA and (b) MMA copolymer with

20wt.% MGIlu. The calculated activation energies of B-relaxation are
indicated.
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Figure 7. DMA: mechanical loss factor tan & versus temperature
dependencies obtained at 0.1, 1, and 10Hz for (a) MMA/NVP copolymer,
(b) its hybrid with 10wt.% AGlu, and (c) its hybrid with 30wt.% AGlu.

3.2. Thermogravimetric analysis

Figures 8 and 9 display the comparative TGA data obtained for
PMMA, MMA/NVP copolymer, polymerized MGlu and AGlu, and for a
few indicated hybrids. One can see rather different thermal behaviour of
these materials depending both on their compositions and the

temperature regions.

PMMA is known by its ability to depolymerization starting from the
moderate temperatures of about 130°C-150°C and more intensely at
170°C-200°C; that may be discerned from Figure 8. Incorporating MGlu
units into PMMA chains exerted some positive effect on thermal stability
of PMMA at 130°C-150°C but decreased it at 170°C-200°C (Figure 8(a)).
On the contrary, incorporating AGlu units in PMMA resulted in
enhancing its thermal stability up to ~240°C (Figure 8(b)). One can see
also from Figure 8 that polymerized MGlu and AGlu are characterized
with very intense thermal destruction in the temperature region of
260°C-280°C, whereas PMMA and its hybrids manifest the maxima at
TGA curves at about 300°C and 350°C.



54 VLADIMIR BERSHTEIN et al.

Figure 9 shows the influence of incorporating AGlu units on
MMA/NVP copolymer thermal stability. One can see that introducing
20-30wt.% AGlu into this copolymer substantially increases its thermal
stability at 100°C-200°C decreasing it only at very high temperatures
(over 300°C).
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Figure 8. TGA: DTG curves obtained for (a) PMMA and MMA hybrids
(copolymers) with 10, 20, and 30wt.% MGlu, (b) PMMA, polyMGlu,

polyAGlu and MMA hybrid (copolymer) with 30wt.% AGlu.
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Figure 9. TGA data obtained for MMA/NVP copolymer and its hybrids
with 10, 20, and 30wt.% AGlu.

3.3. Biodegradability

Figures 10(a) and (b) show the results of estimating the comparative
capability of the materials studied to biodegradation. One can see that the
latter depends on both the type of carbochain polymer and the modifier
content, AGlu or MGlu. It should be noted that the effects were qualitatively
identical after incorporating MGlu or AGlu into chains. Different capability
to biodegradation of neat PMMA and MMA/NVP copolymer is observed.
For PMMA biodegradability is absent at all. Meantime, the larger water
sorption of MMA/NVP copolymer resulted to its notable biodegradation.
It assumes that water sorption is the necessary condition for manifesting
biodegradadility of polymer systems. Only negligibly small effect of

increasing biodegradability was registered recently [11] after modifying
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PMMA, for MMA-methacrylated galactose copolymer. The same result is
observed also for PMMA/AGIu systems (Figure 10(a)). One can see,
however, that incorporating, e.g., 10% MGIu into MMA/NVP copolymer
provides the essential increase in biodegradability of the hybrid

regarding the initial carbochain copolymer (Figure 10(b)).
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Figure 10. Biodegradability tests: mass loss versus time of exposure in
soil for (a) PMMA and MMA copolymer with 10, 20, and 30wt.% AGlu,
and (b) PMMA, MMA/NVP copolymer and its hybrids (copolymers) with
10, 20, and 30wt.% MGlu.
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4. Conclusion

The synthesized novel monomers- glucose derivatives, such as
methacrylated and acrylated ones (MGlu, AGlu), were embedded, via
copolymerization, into carbochain polymers, PMMA and MMA/NVP
copolymer. Analysis of the hybrids obtained indicated the essential
changes in polymers’ properties after their modification. For instance,
introducing MGlu additive into MMA/NVP copolymer chains may result
to increasing 7, from 97°C to 126°C, dynamic modulus E' from 1.3GPa to

2.0GPa, and to generation of substantial biodegradability of this
carbochain polymer. Embedding AGlu into both polymers provided
increasing thermal stability in the temperature region from ~ 150°C to 240°C.
The essential biodegradability rise became possible only for MMA/NVP
copolymer, owing to increased water absorption, since this effect was
negligibly small for PMMA. The effect of some suppression of molecular
mobility in these hybrids (“constraining dynamics”) manifested itself also

in the broad temperature region of sub-7, relaxations. The further

studies in this rather slightly investigated field of the hybridzation of
synthetic polymers with natural products, e.g., such as monosaccharides,
are of interest for different applications.
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