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Uniform Ag nanoparticles (< 10 nm) were effectively prepared in 1-amino-4-methylpiperazine as a solvent with
multiple functions including reduction and stabilization. An Ag-complex such as Ag»(ehac).(eha), (ehac = 2-ethyl-
hexylammonium carbamate; eha = 2-ethylhexylamine) was used as an Ag-precursor, whereas the usage of a salt such
as AgNOs showed the formation of Ag nanoparticles in larger and irregular size (30 - 500 nm). The Ag nanoparticles
(< 10 nm) prepared by using the Ag-complex could also be effectively stabilized by 1-amino-4-methylpiperazine.
Transmission electron micrographs confirmed that the Ag particles were spherical and in the nanometer size.
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Introduction

The synthesis of metal nanoparticles with sizes ranging from
1 - 10 nm has recently been the focus of many studies due to their
potential applications."2 Silver nanoparticles (Ag-NPs) have
received considerable attention in a variety of areas because of
their unique antimicrobial 13roperties,3'5 especially in medical-
related fields due to their potential for use in wound dressings,
contraceptive devices, surgical instruments and bone prosthe-
ses.”” To enable the production of nanoparticles on a large scale
under simple and mild conditions, chemical approaches using
series of reductants and stabilizers have been extensively de-
veloped.”"® The reducing and stabilizing abilities of the com-
pounds used in such reactions may play an important role in the
growth control of the metal nanoparticles. For example, a weak
reductant and an electron-rich stabilizer may be favorable for
control of the size and morphology of the metal nanoparticles
obtained.""

Here, we report a new preparation method of Ag-NPs (< 10
nm) using 1-amino-4-methylpiperazine as a weak reducing agent
and a solvating and stabilizing agent of nanoparticles. An Ag-
complex such as Agy(ehac)»(eha), (ehac = 2-ethylhexylammo-
nium carbamate; eha = 2-ethylhexylaxmine)17'26 was used as an
Ag-precursor. During stirring for 3 - 12 h at 50 °C, uniform
Ag-NPs with sizes of < 10 nm were synthesized.

Experimental

Reagents and Analyses. 1-Amino-4-methylpiperazine (AMP)
and AgNOs were obtained from commercial sources (Sigma-
Aldrich or Merck) and used without further purification. An
isopropyl alcohol solution of Ag-complex with 2-ethylhexyl
amine and 2-ethylhexylammonium carbamate (Ag =10 wt %)
was purchased from InkTec Co., Ltd., Korea. Size and mor-
phology of the as-prepared Ag-NPs were observed using a
Philips TECNAI-FE12 transmission electron microscope (TEM,
120 kV). Briefly, the particles were dispersed in methanol, after

which a drop of the solution was placed on a carbon-coated
copper grid and allowed to air-dry. The X-ray diffraction (XRD)
patterns were recorded using a RIGAKU ROTAFLEX RAD-B
diffractometer (Rigaku Corp., Japan) with Cu target Cu K1 ra-
diation, a tube voltage of 40 KV and 60 mA in the range of 5 -
60°. Organic compounds were characterized by fast-atom bom-
bardment mass spectroscopy (FAB-MS) (JMS-700, Jeol, Japan)
and gas chromatography/mass selective detector (GC/MSD)
(Varian 4000 instrument).

Synthesis of Silver Nanoparticles. 3.5 mL of Ag-complex or
AgNO:s solution in AMP in a range of 0.025 - 0.01 M was pre-
pared and then stirred at 50 °C. After a few hours, the solution
color changed yellowish and then brown, indicating the form-
ation of Ag-NPs. The progress of the reaction was monitored
periodically by UV-vis spectroscopy at 3, 6, 9, 12 and 24 h.
Ag-NPs which were collected by centrifugation were charac-
terized by TEM and XRD techniques.

Results and Discussion

The reducing ability of a reductant plays an important role
in the size and morphology control of the metal nanoparticles
obtained. AMP, which was utilized as a solvent, is a weak re-
ducing agent as well as a good stabilizing agent. Two types of
Ag compounds were employed as precursors, AgNOs as an inor-
ganic salt and Ag»(ehac),(eha), (ehac = 2-ethylhexylammo-
nium carbamate; eha = 2-ethylhexylamine) as an organometallic
complex.

To monitor the growth of nanoparticles in AMP, the progress
of the reaction was recorded periodically by UV-vis spectro-
scopy. In the presence of the Ag-complex in AMP solution and
upon stirring, a rapid color change was observed from color-
less to yellow or brown. As shown in the UV-vis spectra of
Fig. 1, when the reaction time was extended to 6, 9, 12 and 24 h,
the specific absorption which occurred at 403 nm in 3 h was
slightly shifted to 422 nm and the intensity decreased to the level
before the reaction. These findings indicate that the formation,
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Figure 1. UV-vis spectra and photos of AMP solutions with Ag-NPs
after reaction for (a) 0, (b) 3, (c) 6, (d) 12 and e) 24 h.

Figure 2. Transmission electron microscopic images of Ag-NPs pre-
pared from Ag complex for (a) 3, (b) 6 and (c) 12 h and (d) from
AgNO:; after 12 h of reaction: Inset in (b) shows a magnified image of
Ag-NPs formed after 6 h.

growth and precipitation of nanoparticles occurred, which could
be confirmed in the photos in the inset of Fig. 1. However, upon
changing the Ag-precursor to AgNO3, more rapid growth and
precipitation of nanoparticles was observed, which was con-
firmed through a rapid color change. This difference may have
occurred because naked Ag(I) ions of AgNOj3 are surrounded
directly by AMP molecules, which enables them to be easily re-
duced, whereas Ag(I) ions of Ag complexes are strongly co-
ordinated with ligands such as 2-ethylhexylammonium carba-
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Figure 3. Size distribution (determined by calculation based on several
TEM images) of Ag(0)-NPs prepared from (a) Agx(ehac),(eha), and
(b) AgNO; and (c) powder X-ray diffraction pattern of Ag(0)-NPs
prepared from Ag(ehac)(eha),.

mate and 2-ethylhexylamine, even in AMP solution. When the
reaction temperature increased to 50 °C, 2-ethylhexylammo-
nium carbamate ligands on Ag(I) ions could be slowly decom-
posed to 2-ethylhexylamine and carbon dioxide, causing the
Ag(I) ions to be exposed to AMP molecules.

TEM studies of Ag-NPs were conducted to evaluate the shape
and size of the particles formed in the presence of Ag,(ehac),
(eha), and AgNO:s after 3, 6, and 12 h. As shown in Fig. 2, sphe-
rical nanoparticles with a size less than 10 nm were generally
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Figure 4. (a) Proposed mechanism for a role of 1-amino-4-methylpiperazine (1) in reducing Ag(I) ions, (b) GC-MS spectra of 1-amino-4-
methylpiperazine 1 before the reaction and (c) FAB mass spectrum of the iminium ion 2 formed within the reaction mixture after 6h of the

reaction.

formed between 3 - 12 h for the case of Ag-complex, whereas
the formation of particles up to 500 nm was observed in the pre-
sence of AgNOs. These results speak that the stability of the
as-prepared Ag-NPs in the reaction condition can be strongly
influenced by the molecule structure of Ag-precursor. When
compared to various amine stabilizers (their single alkyl chains
have 12 - 18 carbon atoms) employed in the previous studies,"™'
AMP used in our experiment has very short alkyl chain. Never-
theless the uniform particles were formed after 6 h. However,
the average size of the particles (< 10 nm) was relatively a little
big than those (< 5 nm) prepared in the presence of amines with
the longer alkyl chain length.

The particle size distributions were calculated based on the
TEM studies for reaction times of 3, 6 and 12 h (Fig. 3a and b).
To collect Ag-NPs and evaluate their powder X-ray diffraction
pattern, the brown-colored reaction mixture produced from Ag-
complex solution after 6 h of reaction was centrifuged and the
upper phase was removed. The lower phase was diluted with
new AMP and centrifuged again. This washing process was re-
peated several times. After allowing the concentrated solution
to stand for several days, Ag-NPs were deposited on a glass,
which was subjected to a powder X-ray diffractometer. The
powder X-ray diffraction pattern of the nanoparticles showed
peaks at 38.4, 44.6, 64.7, and 77.7°, confirming the presence
of Ag(0) in the sample (Fig. 3c). Specifically, the peak at 38.8°
with prominent peak counts confirmed the presence of Ag(0),
which is the same as in the JCPDS cards.

Based on the observation and characterization of as-prepared
Ag-NPs, we should assume that AMP molecules 1 play a role
as a hydride donor. As proposed in Fig. 4, a hydride ion that
might be detached from the primary amine to form an iminium
ion 2, reduces Ag(I) ion to Ag(0) specious. According to our
assumption, we confirmed the formation of the iminium ion 2
by GC-MS and FAB mass spectroscopic methods (Fig. 4). The

FAB mass spectra of the reaction mixture after 6 h of stirring
at 50 °C showed a prominent peak at m/z = 114, which corres-
ponded to 2, CsH1;N3 ', whereas the peaks related to AMP (1),
CsHi3Ns3, at m/z = 115, were prominently observed in the GC-
MS mass spectra.

Conclusion

We report here a new method for the preparation of Ag-NPs
(< 10 nm) using AMP as not only a weak reducing agent, but
also a solvating and stabilizing agent of nanoparticles. During
stirring a silver complex such as Ag»(ehac),(eha), (ehac = 2-
ethylhexylammonium carbamate; eha = 2-ethylhexylamine) in
AMP at 50 °C for 3 - 12 h, uniform Ag nanoparticles with sizes
of 2 to 10 nm were effectively synthesized, whereas from a
silver salt such as AgNOj silver particles with sizes of about
30 - 500 nm were obtained. The prepared Ag nanoparticles (< 10
nm) could be effectively stabilized within the reaction solution
of AMP as well. This method will be potential for use as a tool
for preparation of metallic nanoparticles to enable control of the
particle size in the nanometer scale as well as the uniformity
of the particle size.

Acknowledgments. This work was supported by the Priority
Research Centers Program (grant#: 2009-0093829) and the
WCU (World Class University) program (grant#: R31-10069)
through the National Research Foundation (NRF) funded by
the Ministry of Education, Science and Technology of Korea.

References

1. Lewis, L. N. Chem. Rev. 1993, 93, 2693.

2. Dupont, J.; Fonseca, G. S.; Umpierre, A. P.; Fichtner, P. F. P;
Teixeira, S. R. J. Am. Chem. Soc. 2002, 124, 4228.

3. Singh, M.; Sinha, K.; Mandal, R. K. Mater. Lett. 2009, 63, 425.

4. Yon, J. N.; Jamie, R. L. Sci. Total Enviro. 2008, 400, 396.



276

W

10.
11.

12.

13.

14.
15.

Bull. Korean Chem. Soc. 2011, Vol. 32, No. 1

. Jeon, H. J.; Yi, S. C.; Oh, S. G. Biomaterials 2003, 24, 4921.
. Cohen, M. S.; Stern, J. M.; Vanni, A. J.; Kelley, R. S.; Baumgart,

E.; Field, D.; Libertino, J. A.; Summerhayes, 1. C. Surg. Infect.
(Larchmt) 2007, 8, 397.

. Fu,J.;Ji,J.; Fan, D.; Shen, J.; Biomed. J. Mater. Res. A 2006, 79,

665.

. Ahmadi, T. S.; Wang, Z. L.; Green, T. C.; Henglein, A.; El-Sayed,

M. A. Science 1996, 272, 1924.

. Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R.

J. Chem. Soc., Chem. Commun. 1994, 801.

Burshtain, D.; Zeiri, L.; Efrima, S. Langmuir 1999, 15, 3050.
Han, M. Y.; Quek, C. H.; Huang, W.; Chew, C. H.; Gan, C. M.
Chem. Mater. 1999, 11, 1144.

Wang, J. G.; Neoh, K. G.; Kang, E. T. J. Colloid Interface. Sci.
2001, 239, 78.

Khanna, P. K.; Gokhale, R.; Subbarao, V. V. V. S.; Vishwanath,
A.K.; Das, B. K.; Satyanarayana, C. V. Mater. Chem. Phy. 2005,
92,229.

Li, Y.; El-Sayed, M. A. J. Phys. Chem. B 2001, 105, 8938.
Yamamoto, M.; Kashiwagi, Y.; Nakamoto, M. Langmuir 2006,

16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

26.

Heon-Soo Park et al.

22,8581.

Kashiwagi, Y.; Yamamoto, M.; Nakamoto, M. J. Colloid Interface
Sci. 2006, 300, 169.

Park, M. S.; Lim, T. H.; Jeon, Y. M.; Kim, J. G.; Joo, S. W.; Gong,
M. S. Macromol. Res. 2008, 16, 308.

Park, M. S.; Lim, T. H.; Jeon, Y. M.; Kim, J. G.; Joo, S. W.; Gong,
M. S. Sens. Actuators B 2008, 133, 166

Park, M. S.; Lim, T. H.; Jeon, Y. M.; Kim, J. G.; Joo, S. W.; Gong,
M. S. J. Colloid Interface Sci. 2008, 321, 60.

Lim, T. H.; Jeon, Y. M.; Gong, M. S. Polymer(Korea) 2009, 33, 33.
Jeon, Y. M.; Cho, H. N.; Gong, M. S. Macromol. Res. 2009, 17,2.
Hong, H. K.; Gong, M. S.; Park, C. K. Bull. Korean Chem. Soc.
2009, 30, 2669.

Hong, H. K.; Park, C. K.; Gong, M. S. Bull. Korean Chem. Soc.
2010, 31, 1252.

Park, H. S.; Park, H. S.; Gong, M. S. Polymer (Korea) 2010, 34,
144.

Park, H. S.; Park, H. S.; Gong, M. S. Bull. Korean Chem. Soc. 2010,
31, 2575.

Park, H. S.; Park, H. S.; Gong, M. S. Macromol. Res. 2010, 18, 897.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /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 true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /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 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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. 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 quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


