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Abstract

Based on hydrogen bonding interactions, poly(methyl methacrylate-co-N-vinyl-2-pyrrolidone) (P(MMA-co-VP)) net-
works and linear poly(ethylene glycol) (PEG) can form semi-interpenetrating polymer networks (semi-IPNs). The
morphology and thermal behaviors of the P(IMMA-co-VP)/PEG semi-IPNs was studied by FTIR, XRD, TEM, and
DSC. In P(IMMA-co-VP)/PEG semi-IPNs, when the molecular weight of PEG is no more than 1000 in the semi-IPNs,
P(MMA-co-VP)/PEG semi-IPNs are a homogeneous amorphous phase; similarly, when the proportion of PEG is less
than 50 wt%, PIMMA-co-VP)/PEG semi-IPNs are fully amorphous; otherwise, PIMMA-co-VP)/PEG semi-IPNs are a
mixture of PEG in the crystalline state with P(MMA-co-VP) networks in the amorphous state.

Keywords: Hydrogen bonding, semi-interpenetrating polymer networks, poly(methyl methacrylate-co-N-vinyl-2-
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1. Introduction

Interpenetrating polymer networks (IPNs) are defi-
ned as a combination of two or more polymers in a net-
work form, at least one of which is polymerized and/or
crosslinked in the immediate presence of the ofher(s).! In-
terpenetrating polymerization represents an innovative ap-
proach to solving the problem of polymer incompatibi-
lity.6

There are a variety of combinations possible with
IPNs resulting in a broad range of properties. The perfor-
mance of IPNs is determined by the physical and chemi-
cal nature of the constitutive networks, the relative pro-
portion of components, the physical interactions between
constitutive networks, the IPNs preparation procedure,
and so on,” which could be a promising bioengineering
material for a broad application. Besides full IPNs, in
which both components are crosslinked independently of

each other, there are also other types of IPNs such as se-
mi-IPNs.? Semi-IPNs have only one component crosslin-
ked and can be used as biocompatible materials.'®

Poly(N-vinyl-2-pyrrolidone) (PVP) is one of the
most frequently investigated classes of materials for use in
medicine and in other applications interfacing with biolo-
gical systems. The principal reason for successful PVP
application is its excellent biocompatibility with living
tissues and extremely low cytotoxicity. PVP can form
stable complexes with polyacids through hydrogen bon-
ding and this kind of complexes is the most stable of the
hydrogen bonded complexes.''~**

PVP can form stable complexes with PEG through
hydrogen bonds between the carbonyl groups of PVP and
the terminal hydroxyl groups of oligomeric poly(ethylene
glycol) (PEG).">"'® PEG was selected because of its physi-
cochemical and biological properties that include favorab-
le pharmacokinetics and tissue distribution and the ability
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to excrete through human kidneys when molecular weight
is less than 6000.'*?° On the other hand, poly(N-vinyl-2-
pyrrolidone) (PVP) and poly(ethylene glycol) (PEG) con-
tain only electron-donating groups in their repeat units. It
is therefore no wonder that PVP has been shown to be im-
miscible with high molecular weight PEG.*!

In this paper, we design poly(methyl methacrylate-
co-N-vinyl-2-pyrrolidone) (P(MMA-co-VP))/PEG semi-
IPNs for potential biomaterials, i.e., POMMA-co-VP) net-
works and linear PEG based on hydrogen bonds interac-
tion between PVP and PEG, different from the hydrogen
bonds of our previous systems;*** the maximum molecu-
lar weight of linear PEG is less than 2000 in semi-IPNs.
As a comonomer with N-vinyl-2-pyrrolidone, methyl met-
hacrylate (MMA) has been selected due to its hydropho-
bic character. In semi-IPNs, crystalline aggregates cannot
be found, although PEG is a semicrystalline polymer.

2. Experimental Section

2. 1. Materials

Methyl methacrylate (MMA) and 2,2’-azobis(iso-
butyronitrile) (AIBN) were of analytical grade obtained
from the Chengdu Reagent Factory. Ethylene glycol di-
methacrylate (EGDMA) and N-vinyl-2-pyrrolidone
(NVP) were purchased from Aldrich Chemical Co. MMA
was distilled under reduced pressure before use. AIBN,
used as a radical initiator, was recrystallized from ethanol
solution. NVP was used as received and EGDMA was
used as a cross-linker without further purification.
Poly(ethylene glycol) (PEG) (Aldrich) with catalogue
number-average molecular weights of 400, 600, 800, and
1000 (Aldrich) was dried by heating at 70 °C for 7 h under
vacuum.

2. 2. Preparation

The P(MMA-co-VP)/PEG semi-IPNs were prepared
by radical polymerization and crosslinking of 37.5-59.5
wt% MMA and 26 wt% NVP in the presence of 0.5 wt%
2,2’-azobis(isobutyronitrile) (AIBN) as an initiator, 1-15
wt% ethylene glycol dimethacrylate (EGDMA) as a cros-
slinker, and 15-40 wt% linear PEG (MW: 400, 600, 800,
1000). The reaction mixture was bubbled with nitrogen for
15 min to remove the oxygen from the mixture, and then
injected into the space between two glass plates separated
by polyethylene spacers (3 mm thick). Reaction was car-
ried out at 55 °C for 24 h. The characteristics of the prepa-
red polymer are summarized in Table 1. All specimens
were quenched and then dried under vacuum at room tem-
perature for 10 days to remove unreacted monomers. The
weight loss during the drying process was negligible indi-
cating that the monomer-to-polymer conversion was near-
ly 100%. According to the formulations of PEG content
and compositions of P(MMA-co-VP)/PEG semi-IPNs,

these polymers were represented as A (molecular weight
of PEG) series, B (content of PEG) series and C (cross-lin-
king density of network) series, respectively.

Table 1. Characteristics of P(MMA-co-VP)/PEG semi-IPNs pre-
pared and T,.

. Cross-linking PEG T
Notation . g
density (wt %) MW C(wt %) °C)
A (Molecular weight of PEG) series
Al 54 400 30 58
A2 54 600 30 62
A3 54 800 30 64
A4 54 1000 30 66
B (content of PEG) series
Bl 6.3 1000 15 91
B2 6.3 1000 30 82
B3 6.3 1000 35 74
B4 6.3 1000 40 64
C (Cross-linking density of network) series
Cl 1.0 1000 30 47
c2 3.7 1000 30 58
C3 (A4) 5.4 1000 30 66
C4 8.7 1000 30 78
C5 11.8 1000 30 98

2. 3. Measurements

FTIR spectra were obtained on a Nicolet 200XV
FTIR spectrometer at a resolution of 2 cm™. A minimum
of 16 scans were signal averaged. The dried samples were
examined as pressed KBr disks. Various molecular weight
PEG homopolymer can form spherulites. The spherulitic
and oriented morphologies were observed and photograp-
hed through a polarizing optical microscope (POM)
equipped with a digital camera and a heating stage. TEM
measurements were carried out on a JEM-100CX Micros-
copy (Japan Electronic Company). Samples were prepa-
red by dropping a suspension onto formvar-coated copper
grids. X-ray scattering curves were obtained with a Phi-
lips X’pert Pro MPD, using Ni-filtered CuKa radiation.
The thermal analyses were carried out with a differential
scanning calorimeter (DuPont 9900) over a temperature
range from —70 °C to 150 °C at a heating rate of 10
°C/min, purged with nitrogen gas, and quenched with li-
quid nitrogen. The cell was calibrated using an indium
standard; the weight of the sample was 5-10 mg.

3. Results and Discussion

Poly (MMA-co-VP) networks were prepared and
crosslinked by radical copolymerization of MMA with
NVP in the presence of linear PEG. The obtained
P(MMA-co-VP)/PEG is a kind of a semi-interpenetrating
polymer networks,’* i.e. crosslinked POMMA-co-VP) net-
work and linear PEG. Scheme 1 shows the synthesis route
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Scheme 1 Synthesis of P(MMA-co-VP)/PEG semi-IPNs.

and the expected structure of P(MMA-co-VP)/PEG semi-
IPNs.

It is well known that PEG is a semicrystalline poly-
mer with higher crystallinity, as shown in Figure 1, howe-
ver, in PIMMA-co-VP)/PEG semi-IPNs it can be obser-
ved that, up to concentration of 45 wt% of PEG, the sam-
ple is optically transparent at room temperature and the
crystal cannot be observed by POM, indicating that
P(MMA-co-VP)/PEG semi-IPNs are fully amorphous.
When the proportion of PEG exceeds 50 wt%, the phase
separations seriously occur in the seim-IPNs and the poly-
mer is very fragile and unsuitable for use as a material. So,
for the concentration of PEG used in this study, its content
is no more than 45 wt%.

For pure PEG600 (PEG, MW = 600) and PEG1000, it can
be seen in Figure 2, that the OH vibration presents a broad
band centered around 3354 cm™' and 3359 cm™'; the band
corresponding to the absorption of a free OH group at
3640 cm™ is absent in the PEG spectra.”® This is because
all hydroxyl groups of PEG form hydrogen bonds (intra-
or intermolecular) and the hydrogen bond formation re-
sults form the interaction between the end hydroxyl and
ether oxygen of the main chain, which makes the OH vi-
bration shift to higher frequencies. For P(MMA-co-
VP)/PEG semi-IPNs, compared to linear PEG, the OH vi-
bration is shifted to a longer wavenumber of 3438 cm™'
for POMMA -co-VP)/PEG600 semi-IPNs and of 3457 cm™!
for POMMA -co-VP)/PEG1000 semi-IPNs, resulting from

Figure 1 Polarizing optical microscopy (POM) of a) PEG1000; b) PEG800 and c) PEG600.

In further experiments, we have studied the influen-
ce of the H-bond interaction on P(IMMA -co-VP)/PEG se-
mi-IPNs. FTIR was used to characterize the H-bond inte-
raction between PVP and PEG. Carbonyl group on PVP
and hydroxyl group on PEG are employed as hydrogen
acceptor and donor, respectively. We pay special attention
to absorption of OH group stretching vibrations, because
these groups are most sensitive to hydrogen bonds. Figure
2 shows a typical FTIR spectra of linear PEG, P(MMA-
co-VP) networks and P(MMA-co-VP)/PEG semi-IPNs.

the H-bond between the PEG and PVP, forming a stronger
hydrogen bond between PEG and PVP in the semi-IPNs
than that in the pure PEG.

A second region in relation to hydrogen bonds is
that of the carbonyl group in PVP and PMMA, which is
also shown in Figure 1. For P(MMA-co-VP) networks,
the vibration of PMMA and PVP carbonyl group appears
around 1730 cm™ and 1682 cm™, respectively. However,
for POMMA-co-VP)/PEG semi-IPNs, the frequency of the
C=0 stretching of the PVP is separated into two peaks
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Figure 2. FTIR spectra recorded at room temperature for:

a) PEG600; b) PIMMA-co-VP) networks; ¢) A2; d) PEG1000; e) POMMA-co-VP) networks; ) B3.

centered at 1680 cm™ and 1668 cm™ for P(MMA-co-
VP)/PEG1000 semi-IPNs, and at 1681 cm™ and 1668
cm™' for POMMA-co-VP)/PEG600 semi-IPNs. The former
was assigned to the vibrations of the free carbonyl groups
and the latter was assigned to the hydrogen-bonded car-
bonyl groups. It is noteworthy that the frequency of C=0
stretching of the PMMA does not change, indicating that
the carbonyl group of PMMA may not take part in the for-
mation of the hydrogen bond. It can be reasonable to

conclude that the hydrogen bonds mainly exist between
the PEG hydroxyl group and the carbonyl group of PVP
as shown in Scheme 1.

Figure 3 shows TEM and XRD patterns of two sam-
ples, PEG with a MW of 1000 and P(MMA-co-VP)/
PEG1000 semi-IPNs (B4). It is obvious that pure PEG is
crystalline at room temperature.

Because of its spherulitic structure, pure PEG can
show its high and sharp X-ray peaks, as shown in Figure 3a
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a), b) PEG1000 homopolymer; c¢), d) POIMMA-co-VP)/PEG1000 semi-IPNs networks.

and typical crystal diffraction pattern by TEM observa-
tions, corresponding to regular lattice structure, as shown
in Figure 3b.

However, PEG in semi-IPNs is amorphous. Figure
3c represents the XRD scattering patterns of the P(MMA-
co-VP)/PEG1000 semi-IPNs and the X-ray peaks disap-
pear. A broad, low-intensity peak is observed centered
around 16°, suggesting that PEG in the semi-IPNs beco-
mes completely amorphous and that these are fully mis-
cible complexes with a homogeneous amorphous phase.
In other words, the crystal structure of PEG has been
changed by the procedure of blending. In Figure 3d
P(MMA-co-VP)/PEG semi-IPNs shows an amorphous
halo, indicating that the PEG molecules were dispersed in
the amorphous phase and the characteristic of PEG crystal
disappears; the P(IMMA-co-VP)/PEG semi-IPNs are com-
pletely miscible. So we can come to the conclusion that
the solid-solid phase change of the semi-IPNs in fact is a
crystalline-amorphous transition of PEG in the blend.
This is in agreement with the visual observations.

This is because the hydrogen bonds existing bet-
ween PVP and PEG are in favor of the dispersion of PEG
in POIMMA-co-VP) networks and can destroy the structure
of PEG crystal aggregates; so, POIMMA-co-VP)/PEG se-
mi-IPNs exhibit homogeneous amorphous phase; the PEG
crystalline structure cannot be either observed via POM.

A simple and useful method to analyze the miscibi-
lity of PEG with P(MMA-co-VP)/PEG network is the de-
termination of their glass transition temperatures (7,) us-
ing DSC. The thermograms of the series A semi-IPNs,
the series B semi-IPNs and the series C semi-IPNs are
shown in the Figures 4-6, respectively. Only one transi-
tion is observed for all P(IMMA-co-VP)/PEG semi-IPNs;
a single compositionally dependent glass transition is an
indication of full miscibility at a dimensional scale bet-
ween 20 and 40 nm?® and implies full miscibility of the
semi-IPNs.
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Figure 4 DSC scans of P(IMMA-co-VP) networks and series A se-
mi-IPNs with various molecular weight of PEG (A), PIMMA-co-
VP)/PEG2000 (B).

It would be of interest to study the effects of the
chain length of PEG on the complexation with the
P(MMA-co-VP) networks. Figure 4A suggests that the
pure amorphous P(MMA-co-VP) network exhibits one 7,
at ca. 125 °C and the P(IMMA-co-VP)/PEG semi-IPNs
display a single T,. The addition of PEG to P(MMA-co-
VP) network causes the depression of the T, of PMMA
network; the smaller the molecular weight of PEG, the
more the 7, is decreased. Comparing Figures 4A and 4B,
when the molecular weight of PEG exceeds 1000, we
learn that POIMMA-co-VP)/PEG semi-IPNs in fact are a
mixture of PEG in the crystalline state with P(MMA-co-
VP) networks in the amorphous state.

We have also studied the influence of the PEG con-
tent on PIMMA-co-VP)/PEG semi-IPNs. As shown in Fi-
gure 5A, pure PEG1000 only shows the melting tempera-
ture without 7, because PEG is easily crystallized and the
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Figure 6. DSC scans of series C semi-IPNs with various cross-lin-
king densities.

content of the amorphous phase is very low;* thus, it is
very difficult to measure the 7', of PEG in general. Howe-
ver, endothermic peaks due to the melting of the PEG cry-
stallites are not observed and only one glass transition was
exhibited corresponding to the P(IMMA-co-VP)/PEG1000
semi-IPNs. These facts mean that the crystalline phase of
PEG1000 is destroyed in the complex and that there is on-
ly the amorphous phase in P(MMA-co-VP)/PEG semi-
IPNs where the segments are molecularly mixed, in agree-
ment with the TEM analysis. On the other hand, when the
proportion of PEG exceeds 50 wt%, the semi-IPNss is also
a mixture of PEG in the crystalline state with P(MMA-co-
VP) networks in the amorphous state.. In the case of T, of
the semi-IPNs, it decreases with increasing of the PEG
content, which may be interpreted in the terms of the Fox
equation.

The influences of cross-linking density on P(MMA-
co-VP)/PEG semi-IPNs are presented in Figure 6. It is

worth noting that cross-linking density plays an important
role for T, of semi-IPNs. With the increase of cross-linking
density of the polymer networks, T, of the semi-IPNs
shifts to relatively high temperature. It is known that seve-
ral factors can influence the 7, values of the crosslinked
polymers: main chain rigidity, crosslinking density and the
chemical structure of the hardener introduced. Relatively
high crosslinking densities restrict the motions of polymer
chain and make T, shift to a high temperature region.

4. Conclusion

Linear PEG and P(MMA-co-VP) networks can form
the semi-IPNs by the hydrogen-bond between the PEG
hydroxyl group and the carbonyl group of PVP, which
could be confirmed by FTIR spectra. In P(MMA-co-
VP)/PEG semi-IPNs, when the molecular weight of PEG
is no more than 1000 in the semi-IPNs, P(IMMA-co-
VP)/PEG semi-IPNs are a homogeneous amorphous pha-
se; similarly, when the proportion of PEG is less than 50
wt%, PIMMA-co-VP)/PEG semi-IPNs are fully amorp-
hous; otherwise, P(IMMA-co-VP)/PEG semi-IPNs are a
mixture of PEG in the crystalline state with P(IMMA-co-
VP) networks in the amorphous state. The molecular
weight of PEG, the content of PEG and the crosslinking
density of P(IMMA-co-VP) network have the important
influence on the Tg of semi-IPNs; with the increase of the
molecular weight of PEG and the cross-linking density,
the Tg of semi-IPNs increases; but, the Tg of semi-IPNs
decreases with the increasing of the content of PEG.
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Zaradi vodikovih vezi lahko poli(metil metakrilat-co-N-vinil-2-pirolidonske) (P(MMA-co-VP)) mreZe in linearni po-
li(etilen glikol) (PEG) tvorita semi-interpenetrirajoca polimerna omreZja (semi-IPN). Morfolosko in termi¢no obnasan-
je POMMA-co-VP)/PEG semi-IPN smo $tudirali z FTIR, XRD, TEM in DSC. V P(MMA-co-VP)/PEG semi-IPN, v ka-
terih je molekulska masa PEG v semi-IPN manjSa od 1000, so PIMMA-co-VP)/PEG semi-IPN v obliki homogene,
amorfne faze; podobno je tudi, ko je deleZ PEG manjsi od 50 wt%, in so P(MMA-co-VP)/PEG semi-IPN popolnoma
amorfni; v drugih primerih so POIMMA-co-VP)/PEG semi-IPN v obliki zmesi PEG v kristalini¢nem stanju in omreZij

P(MMA-co-VP) v amorfnem stanju.
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