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Abstract Polyacrylamide nanoparticles, 50 to 200 nm, were
created by inverse emulsion polymerization of acrylamide in
supercritical carbon dioxide. The cross-linked polyacryl-
amide was produced by intermolecular imidization.
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Introduction

Synthetic water-soluble polyacrylamides have come into
widespread usage [1–7]. According to the final application,
the monomer can be easily co-polymerized with different
monomers, cross-linked, etc. The polyacrylamide can be
chemically modified to make them cationic, anionic or
amphoteric. Their hydrophobicity or hydrophilicity can also
be controlled by chemical modification or by co-polymer-
ization. They can be made into gels or beads. The
monomers can be polymerized in several solvents including
water and by inverse emulsion polymerization. By inverse
emulsion polymerization, high-molecular-weight linear or
cross-linked polyacrylamides can be made in a relatively
low viscosity medium.

Inverse emulsion polymerization consists in reacting the
monomers in surfactant-stabilized water-in-oil (w/o) emul-
sion. There are several advantages to conducting acrylam-
ide polymerizations in an inverse w/o emulsion. These
include the high reaction rates, solids levels, polymer
molecular weights, lower solution viscosities and higher
heat removal rates [8]. However, with these advantages,
there are also several disadvantages. The disadvantages
include the presence of oil and the eventual phase
separation of the oil due to inherently unstable emulsions.
The oil is an undesirable contaminant in most applications.
Therefore, the oil is post-polymerization removed, replaced
or emulsified in the final application.

A way to bypass the problems associated with the oil
phase is to carry out the reaction in supercritical fluids.
Supercritical fluids offer the advantages that they exhibit
“liquidlike” densities and solvent powers while having
“gaslike” viscosities. Furthermore, their solvent properties
can be tuned by varying the pressure. Using these
advantages, Beckman and Smith [9, 10] conducted inverse
polymerization of acrylamide in supercritical ethane/pro-
pane mixtures at 65 °C. This was followed by Adamsky
and Beckman [11], who carried the inverse emulsion
polymerization of acrylamide in supercritical carbon diox-
ide. Supercritical carbon dioxide has the attraction of being
inexpensive, non-toxic and non-flammable and exhibits a
critical temperature of 31 °C [12–14]. Both techniques
produced high-molecular-weight linear polyacrylamides at
high reaction rates. Using supercritical carbon dioxide,
Cooper et al. [15] were the first investigators to synthesize
cross-linked microspheres (100 nm to 10 μm) of poly
(divinylbenzene) with and without stabilizing surfactants.

Interest has shifted to the use of micro- and nano-
polyacrylamide particles [16, 17]. Nanoparticles of poly-
acrylamide have found uses in the papermaking industry
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[18] and in the medical field (embedded iron oxide in
100 nm polyacrylamide particles) as contrast agents for
molecular imaging using magnetic resonance imaging [19,
20]. Polyacrylamide polymer probes encapsulated by
biological localized embedding (PEBBLE) sensors [21,
22] consist of sensor molecules entrapped in chemically
inert 30- to 500-nm polyacrylamide particles. A fluorescent
ionophore can be covalently reacted with or embedded in
the polyacrylamide matrix. Then, the particles can be used
as optical nanosensors for intracellular chemical analysis
[23–25], as a center for the photochemical production of
singlet oxygen for treatment of cancer cells [26, 27], etc.

All of the previous applications relied on synthesizing the
polyacrylamide nanoparticle by conventional inverse w/o
emulsion polymerization. It is the purpose of this investiga-
tion to demonstrate the synthesis of polyacrylamide nano-
particles in supercritical carbon dioxide.

Experimental section

The reagents acrylamide and potassium persulfate were
purchased from Aldrich and used without further purifica-
tion. The surfactant sodium bis(2-ethylhexyl) sulfosucci-
nate (AOT) was obtained from Sigma. It was purified using
the method described by Williams et al. [28]. The co-
surfactant perfluoropolyether-phosphate (PFPE–PO4) was
acquired from Ausimont. The CO2 (SFE grade) was
obtained from Oxarc. The polymerization of acrylamide
initiated with potassium persulfate has been previously
described [29, 30].

The general methodology for supercritical fluids has
been previously reported [31]. Briefly describing this
procedure, the high-pressure vessels were homemade. One

of the vessels (9.5-ml volume) was connected by fiber
optics to a charge-coupled device array UV–Vis spectrom-
eter. The 50 °C, 150 atm or 25 °C, 200 atm acrylamide
concentration was monitored by following its UV relative
adsorption at 200 nm. The other high-pressure vessel (15-ml
volume) was equipped with sapphire viewing windows. A
schematic diagram is shown in Fig. 1. The vessels were
isolated from each other by Valco high-pressure valves. The
reverse-phase micellar solutions were made by using the
surfactant AOT at a concentration of 12.8 mM with the co-
surfactant PFPE–PO4 at 25.3 mM. The water-to-surfactant
ratio was 12. The acrylamide micellar solution was placed
in the 9.5-ml high-pressure cell. The polymerization
initiator micellar solution was made in the other high-
pressure vessel (15-ml volume). Each pressure vessel was
charged with liquid CO2 by the use of an ISCO syringe
pump. Then, the solutions were stirred for 1 h to ensure the
formation of homogeneous colloidal optical transparent
emulsions. The vessels were first charged to a pressure of
80 atm. After 1 h, the 15-ml vessel was pressurized to 200
or 150 atm. The vessels were brought up to the reaction
temperature, and the initiators were pushed into the fiber-
optic 9.5-ml cell by opening the interconnecting valve and
the ISCO syringe pump. The reaction was monitored by
following the disappearance of UV absorption of the
acrylamide.

Results and discussion

The polymerization was carried out at 25 °C, 200 atm and
at 50 °C, 150 atm. Regardless of temperature and pressure,
the reaction was completed, as followed by the 200-nm UV
relative absorption (acrylamide absorbs at 200 nm and
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Fig. 1 Schematic diagram of
the supercritical CO2 micro-
emulsion reaction system
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Fig. 2 Concentration of acryl-
amide as a function of time in
supercritical CO2. Absorbance
vs time (s). Filled circle,
200 atm and 25 °C; filled
square, 150 atm and 50 °C

Fig. 3 TEM micrograph of polyacrylamide particles created in
supercritical CO2, 200 atm and 25 °C, collected on a copper grid
using the RESS method

Fig. 4 TEM micrograph of polyacrylamide particles created in
supercritical CO2, 150 atm and 50 °C, collected on a copper grid
using RESS method
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polyacrylamide does not adsorb at this wavelength), in a
matter of seconds. The relative absorbance, as a function of
time, is given in Fig. 2. Furthermore, the starting
absorbance of acrylamide at 200 atm was greater than the
one at 150 atm. This could be due to higher acrylamide
concentration in the reverse micelle. The time that is
required for the absorbance-time curve to reach a plateau
was used as a measure of the completion of the reaction. In
this set of experiments, no attempt was made to control the
rate of mixing of the reagents. It appears that the reaction
rate increases with temperature. The polymerization at
25 °C, 200 atm was completed in less than 1 min, and the
reaction at 50 °C, 150 atm was completed in less than 30 s.
However, future research will be conducted to differentiate
between the effects of temperature, pressure, concentration
and mixing effects. Furthermore, we will design experi-
ments to accurately measure these fast reaction rates.

Further investigations revealed that beads were created.
Therefore, part of the reaction proceeded through an
intermolecular imidization process that cross-linked the
polyacrylamide chains. Rapid expansion of supercritical
carbon dioxide method (RESS) was used to collect the
polyacrylamide beads [32]. The beads were collected on a
copper grid by the RESS method for transmission electron
microscopy analysis. They are shown in Figs. 3 and 4. The
observed size distribution was between 50 and 200 nm.
Past experiences have shown that rapid expansion of the
water in carbon dioxide microemulsion can cause some
agglomeration of the nanoparticles [31].

In summary, polyacrylamide nanoparticles were pro-
duced by inverse emulsion polymerization of acrylamide in
supercritical carbon dioxide. The mechanism involved intra-
and intermolecular imidization for nano-bead formation.

References

1. Seymour KG, Harper BG (1965) Ger Pat 197:272
2. Gramain P, Myard PJ (1981) Colloids Interface Sci 84:114
3. Mowry DT, Hendrick RM (1981) US Patent 2 625 472
4. Bikales NM (ed) (1973) Water soluble polymers, vol 2. Plenum,

New York
5. Pye DJ (1963) US Patent 3 072 536
6. Cyanamid (1969) Chemistry of acrylamide. American Cyanamid,

New Jersey
7. Meltzer XL (1979) Water soluble polymers. Noyes Data, New

Jersey
8. Schulz DN (1991) Water-soluble polymer synthesis: theory and

practice in water soluble polymers. In: Shalaby SW, McCormick

CL, Butler GB (eds) Water-soluble polymers. ACS, Washington,
District of Columbia, pp 57–73

9. Beckman EJ, Smith RD (1989) Inverse emulsion polymerization of
acrylamide in near-critical and supercritical continuous phases. In:
Johnson KP, Penninger JML (eds) Supercritical fluid science and
technology. ACS, Washington, District of Columbia, pp 184–206

10. Beckman EJ, Smith RD (1990) J Phys Chem 94:345
11. Adamsky FA, Beckman EJ (1994) Macromolecules 27:312

(plus correction in Macromolecules 27:5238)
12. Cooper AI, DeSimone JM (1996) Curr Opin Solid State Mater Sci

1:761
13. Canelas DA, DeSimone JM (1997) Adv Polym Sci 133:103
14. Young JL, DeSimone JM (2005) Macromolecules 38:4542
15. Cooper AI, Hems WP, Holmes AB (1998) Macromol Rapid

Commun 19:353
16. Ni Y, Ge X (2001) Chem Lett 9:924
17. Barton J (2002) Inverse microemulsion polymerization of oil-

soluble monomers in the presence of hydrophilic polyacrylamide
nanoparticles. In: Capek I (ed) Non-conventional polymer
dispersion: 5th Bratislava Int. Conference on Polymers. Wiley,
New York, pp 189–208

18. Honig DS (2005) Organic “microparticles”. In: Rodriguez JM (ed)
Micro and nanoparticles in papermaking. TAPPI Publications,
Atlanta, Georgia, pp 75–100

19. Bradford A, Reddy GR, McConville P, Hall DE, Chenevert TL,
Kopelman RR, Philbert M, Weissleder R, Rehemtulla A, Ross BD
(2003) Mol Imaging 2:324

20. Xu Z, Wang CC, Yang WL, Deng YH, Fu SK (2004) J Magn
Magn Mater 277:136

21. Monson E, Brasuel M, Philbert MA, Kopelman R (2003)
PEBBLE nanosensors for in vitro bioanalysis. In: Vo-Dinh T
(ed) Biomedical photonics handbook. CRC Press, Boca Raton,
Florida, pp 59–68

22. Brasuel M, Kopelman R, Philbert MA, Aylott JW, Clark HA,
Kasman I, King M, Monson E, Sumner JP, Xu H, Hoover M,
Miller TJ, Tjalkens R (2002) PEBBLE nanosensors in real time
intercellular chemical imaging. In: Ligler R, Rowe-Tait C (eds)
Optical biosensors: present and future. Elsevier, Amsterdam,
pp 407–536

23. Clark HA, Barker SLR, Brasuel M, Miller MT, Monson E, Parus
S, Shi Z-Y, Song A, Thorsrud B, Kopelman R, Ade A, Meixner
W, Athey B, Hoyer M, Hill D, Lightle RM, Philbert MA (1998)
Sens Actuators B Chem 51:12

24. Clark HA, Hoyer M, Philbert MA, Kopelman R (1999) Anal
Chem 71:4831

25. Clark HA, Hoyer M, Parus S, Philbert M, Kopelman R (1999)
Mikrochim Acta 131:121

26. Moreno MJ, Monson ER, Reddy RG, Rehemtulla A, Ross BD,
Philbert M, Schneider RJ, Kopelman R (2003) Sens Actuators B
Chem 90:82

27. Tang W, Xu H, Kopelman R, Philbert M (2005) Photochem
Photobiol 81(2):242

28. Williams EF, Woodberry NT, Dixon JK (1957) Journal of Colloid
Science 12:451

29. Riggs JP, Rodriguez F (1967) J Polym Sci A1 5:3151
30. Pohl K, Rodriguez F (1980) J Appl Polym Sci 26:611
31. Ohde H, Rodriguez JM, Ye X-R, Wai CM (2000) Chem Commun,

p 2353
32. Smith RD, Watson DW, Fulton JL, Peterson RC (1987) Ind Eng

Chem Res 26:2298

478 Colloid Polym Sci (2007) 285:475–478


	The synthesis of polyacrylamide nanoparticles in supercritical carbon dioxide
	Abstract
	Introduction
	Experimental section
	Results and discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /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
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /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 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /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 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. 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 for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


