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Abstract Compressed fluids such as supercritical CO,
offer marvellous opportunities for the synthesis of poly-
mers, particularly in applications in medicine and dentistry.
It has several advantages in comparison to conventional
polymerisation solvents, such as enhanced kinetics and
simplified solvent removal process. In this study, poly
(acrylic  acid-co-itaconic  acid-co-N-vinylpyrrolidone)
(PAA-IA-NVP), a modified glass-ionomer polymer, was
synthesised in supercritical CO, (sc-CO,) and methanol as
a co-solvent. The synthesised polymer was characterized
by 'H-NMR, Raman and FT-IR spectroscopy and vis-
cometry. The molecular weight of the final product was
also measured using static light scattering method. The
synthesised polymers were subsequently used in several
glass ionomer cement formulations (Fuji II commercial
GIC) in which mechanical strength (compressive strength
(CS), diametral tensile strength (DTS) and biaxial flexural
strength (BFS)) and handling properties (working and
setting time) of the resulting cements were evaluated. The
polymerisation reaction in sc-CO,/methanol was signifi-
cantly faster than the corresponding polymerisation
reaction in water and the purification procedures were
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simpler for the former. Furthermore, glass ionomer cement
samples made from the terpolymer prepared in sc-CO,/
methanol exhibited higher CS and DTS and comparable
BFS compared to the same polymer synthesised in water.
The working properties of glass ionomer formulations
made in sc-CO,/methanol were comparable and in selected
cases better than the values of those made from polymers
synthesised in water.

1 Introduction

A supercritical fluid (SCF) is any substance, the tempera-
ture and pressure of which are higher than its critical
values. Below the critical point the fluid can coexist in both
gas and liquid phases, but above the critical point, there is
only one phase. In the supercritical state the physical
properties of the fluids such as density and viscosity can
simultaneously become between those of a gas and liquid
phase [1-3]. Unlike conventional hydrocarbon liquid sol-
vents, the density of supercritical fluids can be changed by
altering the pressure and temperature of the fluid and
therefore the dissolution power of a supercritical fluid can
vary. SCFs can also possess gas-like diffusivities which
have important implications for reaction kinetics while
having liquid-like densities which allows solubilisation of
many compounds.

In particular, supercritical CO, has been used as a
promising alternative to conventional organic solvents in a
range of reactions to date. It has an easy accessible critical
point with a T, (critical temperature) of 31.1°C and P,
(critical pressure) of 73.8 bar. Furthermore, supercritical
CO, is chemically inert, inexpensive, non-toxic and non-
flammable [1-8]. According to properties of supercritical
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CO, it is suitable for extraction of different materials and it
can be used as a reaction medium for certain polymerisa-
tion reactions [4—7]. Supercritical carbon dioxide is an
excellent non-polar solvent for many organic compounds
such as, alkenes, alkanes, aromatics, ketones and alcohols,
which up to approximate molecular mass of around
400 amu will dissolve in this medium. The main problem
of supercritical CO, as a solvent is, its poor solubility of
many polar substances due to the solvents’ own low
dielectric constant. Consequently, polar co-solvents are
often added in order to overcome this problem.

Glass ionomer cements (GIC) were invented by Wilson
and Kent at the Laboratory of the Government Chemist in
early 1970. These materials are water based cements,
known as polyalkenoate cements. Glass ionomer cements
are formed by the reaction of an ion leachable alumino-
silicate glass with an aqueous solution of poly acrylic acid
(poly alkenoic acid) in concentration of about 50% [9-12].

The use of sc-CO, mixtures for the preparation of dental
polymers was recently applied by Huang et al. [13]. In their
study, they synthesised AA/IA copolymers in supercritical
CO,/methanol mixtures and used them in Fuji II glass-io-
nomer cement (a commercial glass ionomer cement
formulation). They investigated the effect of using modified
supercritical CO, as the polymerisation solvent on the
mechanical and working properties of the resulting cements
in comparison to the samples prepared with polymers made
in water that were mixed with Fuji II glass powder. They
reported the PAA/IA samples prepared in the CO, mixture
showed higher compressive and flexural strength in com-
parison to both PAA/IA samples prepared in water and Fuji
II glass ionomer control group, respectively. They also
reported that working properties of the cements made with
polymers in CO, were generally amongst the best ones [13].
In this regard, the use of supercritical CO, enabled them to
overcome some of the disadvantages of the traditional
polymerisation reactions such as long required reaction
time, lower conversion rates and time and energy con-
suming purification and separation procedures [13].

Various reports by Culbertson et al. and Yamazaki et al.
[14-18] and more recently by Moshaverinia et al. [19] have
suggested that NVP modified polyacids can significantly
enhance the strength of glass ionomer dental cements.
These results and the aforementioned work of Huang et al.
[13], led to our work reported herein in which the synthesis
of poly(acrylic acid-co-itaconic acid-co-N-vinylpyrroli-
done) (PAA-IA-NVP) polymers were investigated in a
supercritical CO, mixture. These polymeric products were
then used in glass ionomer cement formulations and the
effects upon the mechanical and working properties of the
glass ionomer cements were investigated and compared to
the samples prepared using polymers that were synthesised
in water.
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2 Experimental
2.1 Materials and equipment

All the chemicals in this study were in analytical grade and
applied as received from Sigma Aldrich Chemical Co
(Dorset, UK). Acrylic acid (AA), itaconic acid (IA),
N-vinylpyrrolidone (NVP), 2, 2'-azobis (isobutyronitrile)
(AIBN), D (+)-tartaric acid, ammonium persulfate[(NH,4),
S,0g] and methanol (CH;0H) were used for polymer
synthesis. Carbon dioxide 99.95% purity (British Oxygen
Company, Crawley, UK) was used as a solvent. The glass
powders and all polymeric liquids which were used in the
experiments were from Fuji II (GC International, Tokyo,
Japan).

2.2 Syntheses of polymers

2.2.1 Polymerisation reaction in a supercritical
CO, mixture

The polymerisation reaction which was used in this
experiment was a free-radical polymerisation reaction. In a
typical reaction, initially, 27.43 ml (80 mol%) of acrylic
acid (density of 1.05 gem™) with 5.31 ml of NVP (10
mol%) (density of 1.045 gcm™>) and 6.5 g of itaconic acid
(10 mol%) were measured and were added to the 450 ml
Paar autoclave. 1 wt% of 2, 2’-azobis (isobutyronitrile)
(AIBN) was added as the initiator of the polymerisation
reaction. Methanol was used as the cosolvent of the reac-
tion since the itaconic acid is not soluble in CO, solution;
as in the methods of Huang et al. [13] and Reighard et al.
[20], in our case at least 3 mol% methanol was added to the
other reagents which formed a homogeneous solution [13,
20]. The autoclave was very slightly purged with CO, gas
to remove any air before being filled with liquid CO, from
the cylinder at 4.99 MPa (725 psi). Then, the reactor was
pressurized using the ISCO model 260D syringe pump and
the autoclave was then held at 20.68 MPa and 80 + 5°C,
under continued stirring (250 rpm) for 4 h. At the end of
the experiment, the stirring was switched off and CO, was
released over a period of 5 min. The product was obtained
as a pale yellow coloured viscous liquid. The product was
washed and extracted with diethyl ether and dried using a
vacuum oven. Yield was 78% overall based on dried mass
of final product.

2.2.2 Polymerisation reaction in water

Experimental procedure employed in this study is the
method reported by Crisp et al. [18] and Yamazaki et al.
[21]. 0.4 mol (27.43 ml) of acrylic acid (density of
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1.05 gcm_3), 0.05 mol (6.5 g) of itaconic acid and
0.05 mol (5.31 ml) of NVP (density of 1.045 gcm73) were
measured and dissolved in distilled water. Ammonium
persulfate (2 wt%) was used as an initiator for the poly-
merisation reaction. The molar ratio was kept at 8:1:1 for
the final product AA-IA-NVP polymer [18]. The reaction
mixture was heated continuously up to 98°C under flowing
nitrogen for 10 h. At the end of this time, the heating was
switched off and after cooling for 1 h under nitrogen, the
wet polymer was filtered and then freeze-dried. Freeze
drying was conducted on a Virtis Wizard 2.0 freeze dryer
(SP Industries Co. the Virtis Company, NY, USA) by
freeze-drying the polymer at 400 millibars for 22 h. In
order to remove any residual monomers, the dried poly-
mers were completely dissolved in anhydrous methanol
and then reprecipitated from anhydrous ethyl acetate
(3 x 100 ml). Yield of the polymer synthesised in water
was 65% overall based on dried mass.

"H-NMR analyses of the polymers were conducted
using a Bruker AV 600 MHz 'H-NMR using D,O as the
solvent (Bruker Analytik GmbH, Germany).

Raman spectra of the polymers were obtained using a
Nicolet Amelga XR (with 785 nm laser) dispersive Raman
spectrophotometer. The samples were placed in quartz
tubes and spectra were obtained in the range 4000—
400 cm ™' over an average of 128 scans and 2.0 s exposure
time.

FTIR spectra of the synthesised polymers were obtained
using a Nicolet 8700 FTIR spectrometer (Thermo Electron
Corporation, UK) where the polymer sample films were
cast on the KBr crystal to obtain spectra. Spectra were
recorded in the mid infrared region (4000—400 cm™') at
4 cm™" resolution and averaging 128 number of scans.

Molecular weights of the polymers were estimated by
using Zetasizer, nanoseries analyzer (ZS, Malvern
Instruments Ltd. Worcestershire, UK) at 25°C using static
light scattering method according to refractive index of
PAA [22]. In order to measure the viscosity of the
polymers, 1:1 (wt/wt) mixture of polymer and distilled
water were first prepared. The viscosities of polymers
were measured by application of a programmable
reheometer (DV III V3.0, Brookfield Engineering Labo-
ratories, Inc., Stoughton, MA) at 25°C and spindle
rotational speed of 50 RPM.

2.3 Formulation and evaluation of glass-ionomer
samples

2.3.1 Specimen preparation
All polymers were dissolved in distilled water in a ratio

of 1:1 (wt/wt) proportion. D (+)—tartaric acid 2% by mass
was added to the polymer solution. The glass powder was

Fuji I GIC (GC International, Tokyo, Japan) and the
powder to liquid (P/L) ratio of 2.7/1 was used as rec-
ommended by the manufacturer. Specimens were mixed
and fabricated at room temperature following the manu-
facturers” instructions. Cylindrical specimens were
prepared using PTFE cylindrical shaped moulds with
diameter of 4 mm and 6 mm height for compressive
strength test and were cut to 2 mm thick cylinders for
diametral tensile strength test. For the biaxial flexural
strength test, disc shaped moulds with 10 mm diameter
and 1 mm thickness were used. The moulds were filled
with the uncured cement mixture and covered with PTFE
tape and glass slides, flattened and gently pressed by hand
in order to remove air bubbles. The specimens were
removed from the moulds after 30 min and conditioned in
distilled water at 37°C for 23.5 h. Six identical specimens
were made for each kind of test.

2.3.2 Mechanical properties measurements

Mechanical tests were performed on mechanical testing
machine (Model 4206, Instron Corp., Canton, MA) with
the cross-head speed of 0.5 mm/min. The compressive
strength (CS) was calculated from the relationship CS =
4P/nd?, where P is the load (N) at the fracture point and d
is the diameter of the cylindrical specimen (mm). The
diametral tensile strength (DTS) was determined accord-
ing to the equation DTS = 2P/ndt, where the P is load
(N) at fracture point, d and t are diameter and thickness
respectively of the specimen (mm). For biaxial flexural
strength (BFS) test, a loading rate of 0.5 mm/min was
used on the Universal Testing machine using the same
method as described by Kaplan et al. [23]. The minimum
number of repeat specimens for each test was 7. Biaxial
flexural strengths were calculated from the following
equation; S = P/h? (0.606Ina/h 4+ 1.13), Where P is the
load, “h” and “a” are thickness of the sample and
diameter of the support ring, respectively. From the pre-
vious studies of Akinmade et al. the value of the
Poisson’s ratio was taken to be 0.27 [24]. One way
analysis of variance was used to determine if there is
remarkable difference between the strengths of the vari-
ous experimental cements For statistical significance a
level of o = 0.05 was used.

2.3.3 Working time and setting time

The working and setting time were determined by using a
Wilson oscillating rheometer using the method described
before by Deb and Nicholson (1999) [25]. A small amount
of the cement after 20 s of mixing was placed between the
plates of the rheometer and allowed to set. Working and
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setting times were determined by calculating the time taken
to reach 95 and 5% of the initial amplitude of the oscil-
lation. The values reported are the average of five samples.

3 Results and discussion
3.1 Characterisation of synthesised polymers

The reaction time and reaction conditions of both poly-
merisation reactions are given in Table 1 (below). In
comparison to traditional polymerisation reactions in
aqueous mediums, polymerisation in methanol and super-
critical CO, appears more efficient, faster and has higher
yield for final products. The purification procedures for the
final product are easier and less time and energy
consuming.

"H-NMR spectra (Fig. 1a, b) of the synthesised poly-
mers revealed signals at 6 = 1.65 (CH, from acrylic acid
and NVP, respectively), 6 = 4.3 (CH from NVP back-
bone), o = 3.3 (CH, on NVP ring), 6 = 2.3 (CH from
acrylic acid) and 6 = 3.1 (CH, of itaconic acid). The molar
fractions of all the three components (AA, IA and NVP) of
the final terpolymers were calculated after accounting for
the overlapped signals of methylene and methine groups in
each monomer. The molar yield for each monomer fraction
(IA and NVP) was calculated by characterisation of
residual solvents which were used for final purification of
the polymers [13]. Molar fraction determination of both
polymeric products showed that the molar ratios of
monomers were AA: [A: NVP 8:1:1 for both of the poly-
mers and (IA/PAA and NVP/PAA) ratios were greater for
PAA-TA-NVP in sc-CO, in comparison to the PAA-IA-
NVP polymer which was prepared in water. There are
some other peaks in areas above 4.5 and less than 1.5 ppm,
which might be related to by-products of the reaction with
methanol in sc-CO,. Further studies are required to explain
the differences in the composition between the terpolymers
produced in sc-CO, and the water [13, 20].

Both Raman and FTIR spectra confirmed the disap-
pearance of peaks due to C=C stretching (of monomer)
which suggests a high purity of the final products. The

Table 1 Comparison of polymerisation reaction of AA, IA and NVP
in supercritical CO, and water

Polymerisation reaction medium Supercritical CO,/MetOH Water

Reaction time (h) 4 10
Reaction temperature (°C) 80 100
Reaction pressure (MPa) 20.68 0.103
Conversion rate (%) 78 £ 3 67 +£3
Purification time (h) 4 28
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Fig. 1 "H-NMR spectra of synthesised polymers in modified super-
critical CO, (a) and in aqueous medium (b)

results were in correlation with the former studies and
showed that the synthesised polymers had desired struc-
tures and molar ratios [26, 27].

Raman spectra (Fig. 2) of the synthesised polymers
showed the disappearance of the C=C bonds in comparison
to spectra of the starting reactants, which indicated the
occurrence of the polymerisation reaction. Raman spectra
(Fig. 2) of the terpolymer prepared in supercritical CO,
(PS) and in water (PW) showed peaks at 2930, 1720, 1630
and 1308 cm™' which were assigned as C—H stretch, car-
bonyl group amide groups and C-N stretches of amide
group, respectively (Fig. 2). The disappearance of peaks at
1620 and 1410 cm™' which ascribe to C=C and =CH,,
respectively, confirmed that the polymerisation reaction
was successful. In Raman spectra, the peak at 2930 cm™"
belongs to CH, asymmetric stretch. Since this peak is in the
area less than 3000 cm ™' and there are two other peaks at
1448 and 744 cm™', the final product does not have any
C=C bond in its structure and the polymerisation has been
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successful and all the monomers with C=C groups have
been converted to C—C simple bonds, and these peaks
belong to a C—H bond of an aliphatic hydrocarbon with a
long chain. The peaks at 1077 cm™' related to C—-C
backbone (skeletal vibration) while the one at 978 cm™" is
related to C—C bonds on the NVP cyclic structure. The
products also showed a broad peak ranging from 3500 to
2400 cm ™' which are related to hydroxyl groups of car-
boxylic acid groups and C—H stretchings [26, 27].

FTIR spectra (Fig. 3) of the synthesised polymers
showed peaks at 1730, 1715, 1650, 1490, 1176 and
1291 cm™' which are associated with carbonyl group,
amide, CH, bending and C-N stretch, respectively. The
peaks at1730 and 1715 cm™" belong to Carbonyl (C=0)
group of carboxylic acid and amide structures. The peaks at
1650, 1490, 1291 and 1176 cm ™" belong to carbonyl group
(amide I) of NVP, C-H stretch (or (-CH,—) C-H twist),
C-N stretch and CH, rocking, respectively (see Fig. 3,
below).

Yields of the polymerisation reactions are tabulated in
Table 2 alongside the molecular weights and viscosities of
the final polymeric products. It is apparent that polyacid
synthesised in sc-CO, has higher Mw and viscosity com-
pared to the polymer in water, which suggests that the
polymerisation reaction is more effective for the former
case. It is clear that the yield for polymerisation reaction in
supercritical CO, was higher than reaction which was done
in water.

1SCF

Raman intensity

| *NVP-Water

Raman intensity
BEE

5000 4 \
SN
3500 3000 2500

3.2 Evaluation of cements

Studies elsewhere have suggested that the incorporation of
N-vinylpyrrolidone in the formulations of polyacid of the
glass ionomer cements has the ability to increase the
mechanical and working properties of the conventional
glass ionomer cements [15, 17, 20]. The results of our
study were in broad agreement with previous findings.
Mechanical properties of the cements are shown in Fig. 4
and can be compared to the values for Fuji II commercial
glass ionomer cement. The results are recorded after 24 h
of immersion in distilled water at 37°C. For all the
mechanical tests, the cements which were a mixture of Fuji
II glass powder with the polyacid synthesised in sc-CO,
(PS), showed higher values (compressive strength = 178
4 9.1 MPa; diametral tensile strength = 19 & 5.7 MPa
and biaxial flexural strength = 29.6 £ 3.8 MPa) in com-
parison to the cement samples which were the mixture of
PW (synthesised in water solvent) polyacid (compressive
strength = 166.2 £ 10.4 MPa; diametral tensile strength
= 17.1 £79 MPa and biaxial flexural strength = 28.2
4 5.4 MPa) and Fuji II glass ionomer cement samples as
the control group (CS = 161.1 & 5.3 MPa; DTS = 12 £
6.1 MPa and BFS = 13.8 & 4.3 MPa). The compressive,
diamteral tensile and biaxial flexural strength of the glass
ionomer samples which used polyacid prepared in super-
critical situation were higher than values of Fuji II
commercial glass ionomer cement. Statistical analyses

\M\f“\j et

Raman shift (cm-1)

Fig. 2 Raman spectra of synthesised polymers in modified supercritical CO, (top), and in aqueous medium (bottom)
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Fig. 3 FTIR spectra of synthesised polymers in modified supercritical CO, (bottom), and in aqueous medium (top)

Table 2 Yields, viscosities and molecular weights of synthesised
polymers in supercritical Co, and water

Copolymers Yield % Molecular Viscosity
weight (KDa) (cP), 25°C

Poly(AA-IA-NVP)-CO, 78 476 2290 £ 19.8

Poly(AA-IA-NVP)-water 65 404 1965 £+ 17.3

showed that all the mechanical test (CS, DTS and BFS)
values were significantly higher in comparison to control
group values (o < 0.05). Although the mechanical test
values of methanol/sc-CO, prepared polyacid formulated
glass ionomer samples were higher than those of glass
ionomer samples which used polyacid prepared in water,
the values were not significantly higher regarding the sta-
tistical analysis of mechanical strength data except for CS
values. This could be the result of a more complete poly-
merisation reaction that took place in the CO, mixture (due
to possibly faster diffusion kinetics of reaction or lower
viscosity allowing better mixing) in comparison to the
aqueous medium, which lead to higher molecular weight
and viscosity of the final polymer in the latter case.

The working and setting time of the three different glass
ionomer cement are given in Table 3. It is apparent from
these results that addition of NVP in the structure of poly-
acrylic acid increased the working time of the resulting
cement. This effect is more noticeable for the cement which
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is mixed with polyacid synthesised in the supercritical fluid.
From the data contained in Table 3, it is obvious that the
working and setting time of experimental glass ionomer
cement samples have been lengthened in comparison to
working and setting time of Fuji II glass ionomer. This
effect could be the result of adding 2% w of D—(+)-tartaric
acid and the presence of NVP molecules in the structure of
the polyacid. In comparison to terpolymer which was syn-
thesised in water solvent; the AA-IA-NVP (CO,) polymer

NV P-Modifiedeament (PW)
S NVP-Modiiedcemend (PS)

SFuEN

Strength (MPa)

CS

Fig. 4 Compressive, diametral tensile and biaxial flexural strength of
experimental glass inomers after 24 h of immersion in distilled water
at 37°C
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Table 3 Working and setting time characteristics of experimental
cements in comparison to Fuji II commercial control group

GIC sample Working time (min) Setting time (min)
at 25°C at 25°C

AA-IA-NVP (PW) 34+0.1 6.5 £ 0.1

AA-IA-NVP (PS) 35+0.1 6 + 0.1

Fuji II GC 2.1 £ 0.1 54+0.1

has increased working time probably because of more
availability of NVP molecules in the structure of the ter-
polymer due to better polymerisation reaction in SC
medium. This enlarged effect of NVP is due to high elec-
tronegative nature of nitrogen atoms (in amide group) in the
chemical structure of the polymers which act as hydrophilic
domains and as a result the polymer has better mixing
properties (which may be related to higher degrees of
hydrophilic nature of the polyacids) with glass powder in
comparison to other experimental glasses which were used
in this study. The decreased setting time of AA-IA-NVP
(methanol/sc-CO,) polymer modified cements in compari-
son to cement prepared from polymers made in water is due
to more availability of carboxylic groups (faster acid/base
reaction within the cement) and higher viscosities of the
synthesised polymers in the former case.

4 Conclusion

It has been found that modified supercritical fluid pro-
cessing route can be employed successfully for the
synthesis of polyelectolytes for dental glass ionomers and it
improves the reaction kinetics of polymerisation of a NVP
containing polyacid. Both the mechanical and working
(working and setting time) properties of glass ionomer
cement samples formulated using polymers prepared in
supercritical solutions were comparable and higher than
those of samples formulated using polymers prepared in
water.

References

NN =

13.
14.
15.
16.
17.
18.
19.
20.
21.

22.

23.
24.
25.

26.
217.

. C.L. Phelps, N.G. Smart, C.M. Wai, J. Chem. Edu. 73, 1163 (1996)
. J.A. Darr, M. Poliakoff, Chem. Rev. 99, 495 (1999)

. O. Kajimoto, Chem. Rev. 99, 355 (1999)

. M. Sihvonen, E. Javenpaa, V. Hietaniemi, R. Huopalahti, Tre.

Food Sci. Technol. 10, 217 (1999)

. M.A. Mchugh, in Supercritical Fluid Extraction: Principles and

Practice, 2nd edn. (Butterworths, London, 1986)

. C.R.James, in Supercritical Fluid Technology: Reviews in Modern

Theory and Applications. (C.R.C. Press, London, 1991), pp. 78-79

. HM. Woods, M.M. Silva, C. Nouvel, K.M. Shakesheff, S.M.

Howdle, J. Mater. Chem. 14, 1663 (2004)

. J.L. Kendall, D.A. Canelas, J.L. Young, J.M. Desimone, Chem.

Res. 99, 543 (1999)

. A.D. Wilson, B.E. Kent, Brit. Dent. J. 132, 133 (1972)
. JM. Powers, R.L. Sakaguchi, in Craig’s Restorative Dental

Materials, 12th edn. (Elsevier Mosby, London, 2006)

. S. Katsuyama, T. Ishikawa, B. Fuji, in Glass lonomer Dental

Cement: The Materials and Their Clinical Use. (Saint Louis,
Ishiyaku EuroAmerica, 1993)

. K.J. Anusavice, Philips Science of Dental Materials, 11th edn.

(Saunders, Philadelphia, 2003)

Y. Huang, S.R. Schricker, B.M. Culbertson, S.V. Olesik, J.
Macromol. Sci.-Pure Appl. Chem. 39, 27 (2002)

B.M. Culbertson, Prog. Polym. Sci. 26, 577 (2001)

B.M. Culbertson, J. Dent. 34, 556 (2006)

D. Xie, B.M. Culbertson, G. Wang, J. Macromol. Sci. Pure Appl.
Chem. 35, 547 (1998)

D. Xie, B.M. Culbertson, W.M. Johntson, J. Macromol. Sci. Pure
Appl. Chem. 35, 1615 (1998)

T. Yamazaki, B.W. Brantley, B.M. Culbertson, R. Seghi, S.
Schricker, Polym. Adv. Technol. 16, 113 (2005)

A. Moshaverinia, Z. Movasaghi, R.W. Billington, J.A. Darr, I.U.
Rehman, Dent. Mater. (2008 in press)

T.S. Reighard, S.T. Lee, S.V. Olesik, Fluid Phase Equilib. 123,
215 (1996)

S. Crisp, B.E. Kent, B.G. Lewis, A.J. Ferner, A.D. Wilson, J.
Dent. Res. 59, 1055 (1980)

A. Theisen, C. Johann, M.P. Deacon, S.E. Harding, in Refractive
Increment Data-Book for Polymer and Biomolecular Scientists.
(NottinghamUniversity Press, Nottingham, 2000), p. 87

A.E. Kaplan, J. Williams, R.W. Billington, M. Braden, G.J.
Pearson, J. Oral. Rehab. 31, 373 (2004)

A.O. Aknimade, J.W. Nicholson, J. Mater. Sci. Mater. Med. 6,
1573 (1995)

S. Deb, J.W. Nicholson, J. Mater. Sci. Mater. Med. 10, 471 (1999)
D.M. Devine, C.L. Higginbotham, Polymer 44, 7851 (2003)

J. Coates, in Encyclopaedia of Analytical Chemistry. (John Wiley &
Sons Ltd, Chichester, 2000) pp. 10815-10837

@ Springer



	Synthesis of N-vinylpyrrolidone modified acrylic acid copolymer in supercritical fluids and its application in dental �glass-ionomer cements
	Abstract
	Introduction
	Experimental
	Materials and equipment
	Syntheses of polymers
	Polymerisation reaction in a supercritical �CO2 mixture
	Polymerisation reaction in water

	Formulation and evaluation of glass-ionomer samples
	Specimen preparation
	Mechanical properties measurements
	Working time and setting time


	Results and discussion
	Characterisation of synthesised polymers
	Evaluation of cements

	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


