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Introduction Sample Series

Conclusion
Au in mesoporous SBA-15

Sample Si-precursor Surfactant Si [wt-%] pH H2O [wt-%] Gelation time [min]

1 EGMS P123 8 1 110 70
2 bPhGMS P123 5.8 2.5 110 30-40
3 bPhGMS P123 5.3 2.5 90 45
4 EGMS P123 Au source: HAuCl4

Interconnected networks with hierarchical pore structures were produced in a sol-gel process from EGMS and bPhGMS and characterised by CTEM in combination with electron tomo-
graphy. Complementary in-situ SAXS measurements provided time resolved informations about the structure formation. For the TEM measurements we used a novel method of embedding
the 3D networks. By this approach it was possible to study the mesopore structure with respect to the macromorphology.
All samples formed similar networks with respect to the relative mesopore orientation in the gel network while the junctions differed significantly between EGMS and bPhGMS samples.
EGMS samples showed interparticle junctions with a core of disordered but textured worm-like mesopores.

Samples grown from bPhGMS exhibited a lower aspect ratio than EGMS samples. The mesopore formation in sample 3 occurred much faster than in the EGMS sample.
Moreover, in this work we demonstrated the simultaneous synthesis of hierarchical mesoporous silica supports with the functional noble metal nanoparticles.

The observation of worm-like mesopores is in aggreement with Yu.[3] The
bPhGMS samples showed relatively sharp interfaces. The interconnected mesoporous particles differed in their aspect ratio. The lower the aspect ratio the lower was the content of disor-
dered mesopores.
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Sample 1 EGMS

Sample 2 bPhGMS

Sample 3 bPhGMS

Sample 4 EGMS

Tomography on sample 2

Tilted particle Z-slices of the reconstructed particle

Connectivity of the particles

Growth model

EGMS - similar to sample 1 Sample 3 bPhGMS

H:B 20 : 1 - 5:3 7:1 - 1:1 1:5 - 1:6

Sample 2 Sample 3 Sample 1 Sample 2 Sample 3

Sample Lattice constant [nm] Pore diameter [nm] Wall thickness [nm] Aspect ratio
SAXS BET SAXS & BET From spot checks

1 13.7 6.8 6.9 20:1 - 5:3
2 12.5 7.5 5.0 7:1 - 1:1
3 12.9 7.7 5.2 1:5 - 1:6
4 13.6 6.9 6.7 not determined

Characterisation

SynthesisMonolithic meso-/macroporous organo-silica materials with several hierarchical levels from the molecular- to the macroscale are prepared from a phenylene-bridged ethylene
glycol-modified silane (bPhGMS) through sol-gel processing [1]. The resulting structures are compared with those grown from ethylene glycol-modified silane, EGMS, which
leads to a purely inorganic network. [2]. In both cases Pluronic P123 is used as structure directing agent for the ordered mesopores. The macromorphologies of the resulting
networks evolve due to phase separation during the hydrolysis and condensation and are frozen in by the sol-gel transition. Both systems exhibit narrow pore-size distributions
and high surface areas (500-1000 m g ), which makes them promising candidates for numerous applications, e.g. catalysis, (bio-) immobilisation and separation, adsorption,
sensing and optoelectronics.
The network structures were studied by a combination of CTEM and electron tomography. It is shown that the macroscopic networks of the three samples are similar with respect
to the mesopore orientation. Systematic differences in the portion of disordered mesopores are found. The interplay between meso- and macrostructure allows for drawing con-
clusions on the formation mechanism. A model is presented which could explain the observed differences from the formation process. The results are supported by complemen-
tary in-situ time-resolved SAXS measurements of the gel formation.
Moreover we demonstrate that the simultaneous synthesis of the silica networks and functional noble metallic nanoparticles, here Au, is possible.
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Small-angle X-ray scattering
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Characteristics:
- Long rods
- Worm-like (amorphous),

but textured mesopores
at the junctions

Characteristics:
- Short rods
- Few worm-like

(amorphous) meso-
pores at the junctions

Characteristics:
- Platelets
- Sharp interfaces

In-situ SAXS measurements on the gel kinetics were performed at the SAXS beamline Elettra (Trieste, Italy,
EGMS) and Id02 at ESRF (Grenoble, France, bPhGMS). In time-resolved SAXS curves of both systems a rise
and decrease in intensity was observed at low-q. This suggests that both materials grow from a disordered
intermediate phase which vanishes at the moment of mesopore formation.
The curves display significant differences in the evolution of the structures. The time at which the mesostruc-
ture starts to form is much longer in case of the EGMS system. The final gel consists of long rods with high
aspect ratio and disordered but textured worm-like mesopores at the junctions of the rods. In the bPhGMS
system phase separation, mesostructure formation and gelation takes place much faster, the interplay lead-
ing to gel-networks with low aspect ratio such as thick rods (sample2) or platelets (sample 3). The portion
of worm-like pores at the particle junctions decreases with the aspect ratio, i.e. with the formation velocity.
Questions for future research:
1. Is the pH value the only reason for the two velocities of the mesostructure formation process?
2. Does the mesostructure formation velocity influence the morphology of the particles or are the particles

only determined by the morphology of the separated phase? Can we conclude from the macromorpho-
logy to the growth direction?

3. Are the diesordered worm-like pores in sample 1 (altered) residuals of the intermediate phase?



<<
  /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


