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Shape memory properties of poly(methyl methacrylate-co-

-2-hydroxyethyl methacrylate)/poly(ethylene glycol) complexes

RAPID COMMUNICATION

Summary — Poly(methyl methacrylate-co-2-hydroxyethyl methacrylate) [P(MMA-co-HEMA)]
networks and linear poly(ethylene glycol) (PEG) can form complexes, which show shape memory
properties due to a large difference in storage modulus (E") below and above its glass transition
temperature (T,). The morphology of prepared samples was analyzed using transmission electron
microscopy (TEM) and X-ray diffraction (XRD) analysis. Differential scanning calorimetry (DSC)
was used to investigate the thermal properties and dynamic mechanical analysis (DMA) to deter-
mine the effect of temperature on the mechanical properties. It was found that the shape recovery
ratio could reach 98 %.

Keywords: poly(methyl methacrylate-co-2-hydroxyethyl methacrylate), poly(ethylene glycol),
glass transition temperature, shape memory properties.

PAMIEC KSZTAETU KOMPLEKSOW POLI(METAKRYLAN METYLU-co-METAKRYLAN
2-HYDROKSYETYLU)/POLI(GLIKOL ETYLENOWY)

Streszczenie — W matryce, ktdrg byt poli(metakrylan metylu-co-metakrylan 2-hydroksyetylu)
[P(MMA-co-HEMA)] wbudowano liniowy poli(glikol etylenowy) (PEG) w ilo$ci 10—20 % mas.
Probka tak utworzonego kompleksu, ze wzgledu na duza réznice sktadowej rzeczywistej modutu
zespolonego (E’) charakteryzujacej material w temperaturze nizszej i wyzszej od temperatury ze-
szklenia (T,), wykazywata zdolnos¢ do zapamigtania nadanego ksztattu (rys. 4). Otrzymane prob-
ki poddano badaniom morfologicznym za pomoca transmisyjnej mikroskopii elektronowej (TEM)
i dyfrakcji rentgenowskiej (XRD) (rys. 1i 2). Uzyto réwniez réznicowej kalorymetrii skaningowej
(DSC) do zbadania wiasciwosci termicznych (rys. 3) oraz dynamicznej analizy mechanicznej
(DMA) w celu okreslenia wptywu temperatury na wtasciwosci mechaniczne (rys. 5). Stwierdzono,
ze wskaznik odzyskiwania ksztattu moze osiagac 98 %.

Stowa kluczowe: poli(metakrylan metylu-co-metakrylan 2-hydroksyetylu), poli(glikol etyleno-
wy), temperatura zeszklenia, pamie¢ ksztattu.

There is no doubt that shape memory alloys have at-
tracted wide attention all the time. However, shape memo-
ry polymers by far surpass metallic shape memory alloys
in their shape memory properties [1], which can response
to changes in the external conditions such as ionic strength,
pH, temperature and so on [2—5]. These characteristics
make them desirable for a multitude of applications, in-
cluding drug-delivery systems, biocatalysts, biosensors,
etc. [6—8]. Thermally induced shape memory polymers are
those that have the capability of changing their shapes
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from a temporary shape to a permanent shape above and
below their switching transition temperature (T},,,) [1, 9].
Normally T}, can either be the glass transition (T,) or the
melting temperature (T,,) of a polymer. They can be de-
signed as polymer networks, including covalently cross-
linked and physically crosslinked amorphous or crystal-
line copolymers, as well as polymer blends [10—14], which
consist of two segments: the switching one with T, for
the fixation of temporary shape and the hard one for the
fixation of the permanent shape [1, 15].

2-Hydroxyethyl methacrylate (HEMA) is a synthetic
comonomer, which is very toxic for the living cells. How-
ever, in its polymerized form as poly(2-hydroxyethyl
methacrylate) (PHEMA), it is a highly compatible poly-
mer with the living tissues [16, 17].

In the present study, we have developed a shape
memory polymer based on methyl methacrylate (MMA)
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and HEMA as synthetic comonomers, and poly(ethylene
glycol) (PEG), namely P(MMA-co-HEMA)/PEG com-
plexes, which could be used as a material for biomedical
applications. The novelty of this work is the choice of
HEMA for generating new types of shape memory poly-
mers. To the best of our knowledge, HEMA has not been
used yet as a comonomer for shape memory polymers.
Crystalline aggregates can not be found by X-ray diffrac-
tion (XRD), transmission electron microscopy (TEM)
and differential scanning calorimetry (DSC) analysis,
although PEG is a semicrystalline polymer.

EXPERIMENTAL
Materials

2-Hydroxyethyl methacrylate (HEMA), methyl
methacrylate (MMA), 2,2’-azobis(isobutyronitrile)
(AIBN) and ethylene glycol dimethacrylate (EGDMA) of
analytical grade were obtained from Aldrich Chemical
Co. MMA was distilled under reduced pressure before
use. AIBN, used as a radical initiator, was recrystallized
from ethanol solution. HEMA was used as received and
EGDMA was used as a crosslinker without further purifi-
cation.

Poly(ethylene glycol) (PEG) (Aldrich) with catalogue
number-average molecular weight of M, = 2000 was
dried by heating at 60 °C for 8 h under vacuum.

Preparation of complexes

P(MMA-co-HEMA)/PEG complexes were prepared
by radical copolymerization of 58.5 wt. % of MMA and
15 wt. % of HEMA in the presence of 0.5 wt. % of AIBN as
an initiator, 6 wt. % of EGDMA as a crosslinker and
20 wt. % of linear PEG. The reaction mixtures were bub-
bled with nitrogen for 15 min to remove the oxygen from
the mixture and then injected into a cylindrical glass tube
with 7 mm in diameter. Copolymerization was carried
out at 55 °C for 24 hours. PIMMA-co-HEMA)/PEG com-
plexes were quenched and then dried under vacuum at
room temperature for 10 days to remove unreacted
monomers.

Methods of testing

The thermal analyses were carried out with a differen-
tial scanning calorimeter (DSC, DuPont 9900). The
spherulites were observed and photographed through
a polarizing optical microscope Jiangnan XPR-2 (China)
equipped with a digital camera and a heating stage. The
dynamic mechanical analyses (DMA) were carried out
with a DuPont 983 DMA apparatus at the fixed oscillation
amplitude of 0.1 mm and under nitrogen gas purge. The
X-ray diffraction (XRD) analysis was performed with
a Philips X"pert Pro MPD, using Ni-filtered CuKa radia-
tion. Transmission electron microscopy (TEM) measure-

ments were carried out on a JEM-100CX Microscopy
(Japan Electronic Company).

RESULTS AND DISCUSSION

P(MMA-co-HEMA)/PEG complexes were prepared
by radical copolymerization and crosslinking of MMA
with HEMA in the presence of linear PEG. It is well
known that PEG is a semicrystalline polymer and
well-developed spherulite, with higher crystallinity and
the size of about 2000 um in diameter, as shown in Figure
la. Spherulites are the basic morphology for polymers
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Fig. 1. Optical micrograph (a), TEM diffraction photograph (b)
and XRD pattern (c) for neat PEG

crystallized from melting or concentrated solutions,
which are high-order crystal structures with spherical
textures, composed of lamellar crystallites, shaped like
ribbons that radiate from the center, separated by amor-
phous material [18]. Because of its spherulitic structure,
neat PEG (M,, = 2000) can show typical crystalline diffrac-
tion pattern by TEM, corresponding to regular lattice
structure, as shown in Figure 1b and 1c, PEG shows its
high and sharp X-ray peaks, and two main diffraction
peaks at about 18.6° and 23.4°.

On the face of them, P(IMMA-co-HEMA)/PEG com-
plexes are optically transparent. The PEG spherulitic
structure cannot be observed using a polarizing micro-
scope in P(MMA-co-HEMA)/PEG complexes, as it is
shown in Figure 2a. The P(IMMA-co-HEMA)/PEG com-
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Fig. 2. Optical micrograph (a), TEM diffraction photograph (b)
and XRD pattern (c) for PIMMA-co-HEMA)/PEG

plexes obtained by radical copolymerization showed an
amorphous halo in Figure 2b. Figure 2c represents the
XRD scattering patterns of the PIMMA-co-HEMA)/PEG
complexes, and, compared to Figure 1c, the sharp X-ray
peaks of PEG disappear. A broad, low-intensity peak is
observed centered around 14°, suggesting that PEG was
fully miscible with P(MMA-co-HEMA) networks.
P(MMA-co-HEMA)/PEG complexes are fully miscible
with a homogeneous amorphous phase. In other words,
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Fig. 3. DSC curves of PEG, P(MMA-co-HEMA) networks
and P(MMA-co-HEMA)/PEG complexes

the crystal structure of PEG has been changed by the pro-
cedure of blending.

As it is shown in Figure 3, presenting the results of
DSC measurements, PIMMA-co-HEMA)/PEG complexes
show only a single glass transition at T, ~ 41 °C. The
endothermic peak of PEG crystallites was not observed
for complexes, suggesting that they are fully miscible.
The existence of intermolecular forces favors the disper-
sion of PEG in PIMMA-co-HEMA) networks and de-
stroys the structure of PEG crystal aggregates. So,
P(MMA-co-HEMA)/PEG complexes exhibit the homo-
geneous amorphous phase. This result coincides with the
findings in TEM and XRD observations presented in
Figure 2.
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Fig. 4. Transition from the temporary shape (a spiral) to the
permanent shape (a rod) at 65 °C

The shape memory properties were found to occur by
changing the operation temperature below and above the
T, (ca. 41 °C) of the P(MMA-co-HEMA)/PEG complexes.
The photos presented in Figure 4 show the steps the sam-
ple returns to the original rod shape. The complexes be-
have as a hard plastic at room temperature and its perma-
nent shape is a rod (7 mm in diameter and 100 mm long).
When the rod was heated up to 65 °C, it became soft and
could easily be deformed to a spiral (temporary shape)
under external force. Next, the spiral was cooled down to
room temperature and the temporary shape was fixed
without loading, the strained state was very stable, even
after unloading. However, if the temperature was raised
to 65 °C again, the complexes quickly (in 60 s) returned to
the initial shape with the shape recovery ratio of above
98 %. This interesting phenomenon is reversible and can
be repeated at least 15 times.

The crosslinked P(MMA-co-HEMA) networks were
designed as the fixed phase, while the amorphous
PEG-PHEMA complex phases act as the reversible phase.
An excellent shape memory materials should have
a shape memory ratio of more than 90 %. Normally,
a high elasticity ratio (E,/E, where E, is the glass state
modulus, E, is the rubbery modulus), preferably as much
as two orders of magnitude, is needed to allow the easy
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shaping at T > T, and high resistance to deformation at
T < T,. On the other hand, a large difference in the
modulus below and above the transition temperature
is the most significant factor to render
P(MMA-co-HEMA)/PEG complexes shape memory
behavior. With a large elasticity ratio, high temperature
deformation becomes easy, while keeping the high resis-
tance to low temperature deformation [19].
P(MMA-co-HEMA) does not show the shape memory
behavior below 100 °C. By introducing linear PEG in
P(MMA-co-HEMA), they can form complexes. The addi-
tion of PEG to P(MMA-co-HEMA) networks not only
causes a depression in the T, and stiffness of
P(MMA-co-HEMA) networks, but also alters the dy-
namic mechanical behavior of PIMMA-co-HEMA) net-
works, as it is shown in Figure 5. When the complexes
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Fig. 5. Storage modulus (E’) and loss tangent (tan ) deter-
mined by DMA for PIMMA-co-HEMA)/PEG complexes and
P(MMA-co-HEMA) networks

were heated to 65 °C (above Tg + 20 °C), they can trans-
form from the glass state to rubber-elastic state, which
makes the complexes flexible and they can be easily de-
formed under external force. When the complexes were
cooled down to the room temperature, they returned to
glass state. It can be considered that the
P(MMA-co-HEMA)/PEG complexes possessed the shape
memory effect due to a large difference in storage modu-
lus below and above T,. Here, the storage modulus ratio
(defined as E’gy5 «c/E 14120 o) can be more than 270 for
P(MMA-co-HEMA)/PEG.

Shape memory polymer generally contains a fixing
phase and a reversible phase. The fixing phase imparts

the level of rigidity, dimensional stability and thermal re-
sistance, while the reversible phase provides the elastic
properties primarily recovery and energy absorption. For
the PIMMA-co-HEMA)/PEG complexes, the fixing phase
was the chemical crosslinked phase, while the reversible
phase was the PEG-PHEMA complex phase.

CONCLUSIONS

The P(MMA-co-HEMA)/PEG complexes show shape
memory properties due to a large difference in storage
modulus below and above the glass transition tempera-
ture and its recovery ratio can reach 98 %. Although PEG
(M,, = 2000) is a semicrystalline polymer, crystalline
aggregates cannot be found in obtained complexes
by XRD, TEM and DSC. These properties of
P(MMA-co-HEMA)/PEG complexes can be designed, al-
lowing them to be a kind of potential biomaterials for use
in medicine and for other applications for materials inter-
acting with biological systems.

REFERENCES

1. Lendlein A., Kelch S.: Angew. Chem. Int. Ed. 2002, 41, 2034.

2. Lendlein A., Langer R.: Science 2002, 296, 1673.

3. SamraB. K., GalaevI. Y., Mattiasson B.: Angew. Chem. Int. Ed.

2000, 39, 2364.

Hu Z., Zhang X., Li Y.: Science 1995, 269, 525.

Osada Y., Matsuda A.: Nature 1995, 376, 219.

Liu C., Qin H., Mather P. T.: |. Mater. Chem. 2007, 17, 1543.

Gunes 1. S., Cao F,, Jana S. C.: Polymer 2008, 49, 2223.

Yang B., Huang W. M., Li C,, Li L.: Polymer 2006, 47, 1348.

Behl M., Lendlein A.: Mater. Today 2007, 10, 20.

10. Rousseau 1. A., Mather P. T.: J. Am. Chem. Soc. 2003, 125,
15 300.

11. Liu C.,, Chun S. B., Mather P. T., Zheng L., Haley E. H.,
Coughlin E. B.: Macromolecules 2002, 35, 9868.

12. Lendlein A., Schmidt A. M., Langer R.: PNAS 2001, 98, 842.

13. Lee B. S.,, Chun B. C,, Chung Y. C,, Sul K. I, Cho J. W.:
Macromolecules 2001, 34, 6431.

14. Liu C., Mather P. T.: Proceedings of the annual technical con-

O ® N o T

ference — society of plastics engineers, 61st, vol. 2. Brook-
field, CT, USA: Society of Plastics Engineers 2003, pp.
1962 —1966.

15. Behl M., Bellin I, Kelch S., Wagermaier W., Lendlein A.: Adv.
Funct. Mater. 2009, 19, 102.

16. Grodzinski J. J.: Polym. Adv. Technol. 2010, 21, 27.

17. Tomi¢ S. L., Mi¢i¢ M. M., Dobi¢ S. N., Filipovi¢ J. M., Suljo-
vruji¢ E. M.: Radiat. Phys. Chem. 2010, 79, 643.

18. Keller A.: J. Polym. Sci. 1959, 39, 151.

19. Kim B. K., Lee S. Y., Xu M.: Polymer 1996, 37, 5781.

Received 7 1 2013.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue true
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /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
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /PLK ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


