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Experimental 

Materials: All chemicals were analytical grade or of the highest purity available. 

Ammonium hydroxide, Methyl-2-pyrrolidinone (NMP), tetraethoxysilane (TEOS), 

toluene, ethanol, methanol, acetone, benzophenone (BP), HAuCl4, NaBH4, 

4-nitrophenol and 3-aminopropyltriethoxysilane (APTES) were purchased from 

Sinopharm Chemical Reagent Co. Ltd. and used as received. 2-dimethylaminoethyl 

methacrylate (DMAEMA) was purchased from the Energy Chemical Company. 

 

Preparation of bare silica NPs: Ammonium hydroxide (25 wt % in water, 15 mL) 

and ethanol (300 mL) were added into a two-necked round-bottom flask at ambient 

temperature; the mixture was stirred at 50 oC. A mixture of tetraethoxysilane (TEOS, 

15 mL) and H2O (20 mL) was added into the flask at a rate of ∼1 mL/min via a 

dropping funnel. After stirring for 12 h at room temperature, the NPs were isolated by 
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centrifugation at 8000 rpm. After discarding the supernatant, the sediments were 

redispersed in ethanol and centrifugated again. This purification cycle was repeated 

for four times. The obtained NPs were then dispersed and stored in 50 mL of ethanol. 

 

Functionalization of silica with APTES: Functionalization of silica by converting 

most of the surface silanol groups into amino groups was carried out following a 

slightly modified literature procedure as follows. To a stirred suspension of dried 

silica (1.8 g) in dry NMP (200 mL) was added dropwise APTES (4.5 mL). The 

reaction mixture was stirred at room temperature for 24 h. The nanoparticles were 

isolated by centrifugation at 8000 rpm. After discarding the supernatant, the 

sediments were redispersed in toluene and centrifugated again. The above purification 

cycle was repeated for three times to remove excess APTES. (T. Wu, Y. F. Zhang, X. 

F. Wang, S. Y. Liu, Chem. Mater., 2008, 20, 101) 

 

SIPGP: 20 mg of APTES modified silica, 2 mL of monomer (DMAEMA) and 0.005 

g of benzophenone (BP) were added into a tube. The tube was placed under a UV 

lamp and irradiated for 40 min at room temperature. A 250 W high-pressure mercury 

lamp from Jiguang Co. (Shanghai, China) was used for SIPGP. Its wavelength ranged 

from 200 to 400 nm. The distance between the reaction mixture and the light source 

was 10 cm. The reaction mixture was stirred with a magnetic stirrer under dry 

nitrogen at room temperature during the irradiation. The reaction mixture was 

centrifuged at 8000 rpm for 5 min in methanol, which led to sedimentation of the 

polymer-grafted silica particles. The supernatant, which contained unreacted 

monomer and residual initiator, was discarded. The particulate sediment was 

redispersed in methanol and centrifuged two more times. To remove the ungrafted 

polymer, the precipitate was dispersed in acetone and centrifuged repeatedly. The 

offwhite polymer-grafted silica was collected and dried in vacuum at 100 oC for 24 h 

before characterization. 
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SiO2@ PDMAEMA NPs for loading the gold NPs: The details of loading the gold 

NPs were as following: 0.05 g of SiO2@ PDMAEMA NPs were dispersed in 10 mL 

of deionized water and 0.25 mL of 4 mM HAuCl4 aqueous solution was added; then, 

1 mL of 0.05 M NaBH4 aqueous solution was added dropwise under the ice water 

bath with shaking. The reaction lasted for 1 h. The final product was purified through 

washing with water three times and dried under vacuum oven until constant weight. 

 

Catalytic Reduction of 4-Nitrophenol to 4-Aminophenol in an Aqueous Medium: 

A typical experiment for the catalytic reduction of 4-nitrophenol (4-NP) to 

4-aminophenol (4-AP) was carried out as follows: 0.1 mL of 4-NP aqueous solution 

(5 mM, 5 × 10−7 mol), 1.0 mL of NaBH4 (0.2M, 2 × 10−4 mol) aqueous solution and 

2.0 mL of water were mixed in a colorimetric tube. We introduced 0.05 mL of 

catalyst dispersion (1.0 mg/mL) into the mixture with gentle shaking. The 

bright-yellow solution faded gradually as the catalytic reaction proceeded. The 

catalytic activity was determined by a UV-vis spectrophotometer with a decrease at 

400 nm in UV-vis absorption and a simultaneous increase in the absorption at 300 nm, 

indicating the formation of 4-AP. 

 

Characterizations: Fourier transform infrared (FTIR) Spectroscopy (Nicolet 6700, 

Thermoscientific, USA): The spectra were measured with a spectrometer. Absorbance 

spectra were collected using a spectral resolution of 4 cm-1 at room temperature over a 

frequency range of 4000-500 cm-1. The background spectra were recorded on 

corresponding KBr. Thermogravimetric analysis (TGA) was carried out on a 

METTLER TOLEDO-TGA/DSC I instrument with a heating rate of 10 oC min-1 in 

flowing N2 and a sample of 3-5 mg. The morphology and size of the samples were 

investigated using transmission electron microscopy (TEM, Tecnai F20 S-TWIN 

(FEI), accelerating voltage of 200 kV). TEM samples were prepared by dropping a 

diluted aqueous solution (5μL) of samples onto carbon-coated copper grids and were 

dried in air for 1h. UV-vis absorption spectra of the samples were recorded using a 

Lambda 950 spectrophotometer (Perkin-Elmer). Measurements of the solutions were 
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taken in 3mL quartz cuvettes.  

 

Figures 

For example, in the spectrum of pure SiO2 particles, the absorption bands at 

3400 cm−1 and 958 cm−1 were the characteristic peaks of Si-OH, the absorption band 

at 1600 cm−1 was the characteristic peak of bonding water, and the absorption bands 

at 1100 cm−1 and 800 cm−1 were the characteristic peaks of Si-O-Si group. In the 

spectrum of neat PDMAEMA, an intense increase of the absorption peak appears at 

1730 cm-1 corresponding to the stretching vibration of ester carbonyl group in the 

PDMAEMA. By comparing the FTIR spectra of amino modified silica and pure 

PDMAEMA in Fig. S1, in the spectrum of SiO2@PDMAEMA, the bands at 2925 and 

2853 cm–1 are observed for amine functionalized NPs. The presence of asymmetric 

and symmetric stretching vibrations of -CH2 on amino modified silica indicates the 

grafting of aminopropyl groups on the surface of silica. The characteristic bands 

located at 1620-1650 cm-1 were assigned to the bending vibrations of aliphatic amine 

(N-H) groups.  

As seen in Fig. S1, the spectrum of SiO2@PDMAEMA/Au was similar to that of 

the SiO2@PDMAEMA, however, the wavenumbers and the relative intensities are 

slightly different with each other. These slight changes in IR spectrum may come 

from the interaction between SiO2@PDMAEMA and gold NPs. The obvious 

difference between the two IR spectra was the disappearance of the peak at 2780 cm-1, 

which was in assignment of C-H stretching vibrations of the N-CH3 groups of 

PDMAEMA brushes. Moreover, this disappeared absorption further implied that the 

N-CH3 group was reduced to quaternary amine salts or other coordination compounds. 

Therefore, the end tertiary amine groups of PDMAEMA were thought to be the 

primary role in the reductive reaction between PDMAEMA and HAuCl4. 
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Fig. S1 FT-IR spectra of (black) SiO2, (red) amino-modified SiO2, (blue) pure 

PDMAEMA, (green) SiO2@PDMAEMA and (orange) SiO2@PDMAEMA/Au. 

 

As shown in Fig. S2., a weight loss of 5% for the SiO2 NPs was assigned to the 

physically adsorbed water on the silica surface. Pure PDMAEMA exhibited a 

two-stage weight-loss process between 200 and 500 °C as expected. 16 For the 

resultant SiO2@PDMAEMA microspheres with the grafted PDMAEMA brushes, the 

weight loss was 30% with two distinct weight loss stages between 200 and 600 oC. 

The first weight loss until 200 oC was also due to the evaporation of the physically 

adsorbed water or solvent, and the second major weight loss from 200 to 600 oC was 

due to the decomposition of the polymer component in the shell layer of the 

corresponding microspheres.  
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Fig. S2 TGA spectra of (black) SiO2, (red) amino-modified SiO2, (blue) pure 

PDMAEMA, (green) SiO2@PDMAEMA and (orange) SiO2@PDMAEMA/Au. 

 

Furthermore, in order to corroborate residual weight is only due to the gold 

present in the samples, DTG analysis of core-shell composites before loading Au NPs 

(black) and after loading Au NPs (red) were made. These two distinct weight loss 

stages of SiO2@PDMAEMA and SiO2@PDMAEMA/Au between 200 and 500 °C 

are very similar, as shown in Fig. S3, which illustrates that SiO2@PDMAEMA/Au 

hybird system remained high thermostability. 
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Fig. S3 DTG of SiO2@PDMAEMA and SiO2@PDMAEMA/Au. 
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Fig. S4 EDX spectrum of SiO2@PDMAEMA/Au. The copper peaks are from the 

copper grid used as support in the measurements. 
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Fig. S5 Reduction of 4-NP in aqueous solution recorded by UV-vis spectroscopy 

every 4 min using the SiO2@PDMAEMA/Au hybrid system as a catalyst at different 
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temperature. (The absorption peak is 300nm) 

 
Fig. S6 At/A0 versus reaction time for the reduction of 4-NP over no catalyst and 

SiO2@PDMAEMA/Au at different temperatures. A0 and At are the absorption peak 

at 400 nm initially and at time t. 

 

 

 
Fig. S7 Reusability of the SiO2@PDMAEMA/Au as a catalyst for the reduction of 

4-NP with NaBH4. 

Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /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 false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /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 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /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 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /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 <>
    /ENG ()
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


