
S1 

 

Monodisperse iron oxide nanoparticles by thermal decompo-
sition – elucidating particle formation by second-resolved in 
situ small-angle X-ray scattering  

A. Lassenberger†§, T. A. Grünewald‡§¤, P.D.J. van Oostrum†, H. Rennhofer‡, H. Amenitsch⊥, R. Zirbs†, 
H.C. Lichtenegger‡* and E. Reimhult†* 

 
† Department of Nanobiotechnology, Institute for Biologically Inspired Materials, University of Natural Resources and Life 
Sciences, Muthgasse 11, 1190 Vienna, Austria. 
‡ Department of Material Science and Process Engineering, Institute of Physics and Materials Science, University of Natural 
Resources and Life Sciences Peter-Jordan Strasse 82, 1190 Vienna, Austria  

⊥Institute for Inorganic Chemistry, Graz University of Technology, Stremayrgasse 9/V, 8010 Graz, Austria 

§ equally contributing 

 

Table S1.  Extracted numerical parameters from all reactions 

Core 
size 

Heating 
rate 
[K/min] 

Burst nuclea-
tion (Porod) 
peak / °C 

Burst nuclea-
tion (Porod) 
peak / min 
after 290°C 

Onset of growth Plateau length 
(Invariant) 

Radius / nm 

 

 

Final PD 

Start 
of 
peak 

peak 

max-
imum 

Start 
of 
peak 

Peak 
max-
imum 

°C time after 
290°C / 
min 

@60 
min 

Final  @60 
min 

lowest 

L 1 276 284 - 279  220 °C - 276 °C 3.92  3.9 0.4 0.57 

L 3 - - 0.8 6.1 - 0.5 240 °C - 0.75 min 4.4 4.5 0.5 0.4 

L 9 - 5.9 10.9 - 2.6-9.1 235 °C - 5.5 min 4.3 4.4 0.7 0.6 

M 3 255 259 - ~260  - 247 °C - 255 °C 2.2  2.2 0.8 0.7 

S 3 240-250 - 240-
250 

- -- 1.3 1.3 1.7  

S 9 245 249 - 245 - -- 1.56 nm 0.85 0.9 
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Figure S1. Transmission electron micrographs of final NP sizes of A) ’Small’, B) ‘Medium’ and C) ‘Large’ NPs. 

 

Figure S2. Electron diffraction patterns of final NP sizes of A) ‘Small’, B) ‘Medium’ and C) ‘Large’ NPs showing that the NPs are crys-
talline 
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Figure S3. WAXS patterns from the synthesis of ‘Large’ NPs at different data points. Data point 800 marks the onset of crystallinity, data 
points 1000, 1200 and 1400 are taken at roughly the same time as the electron diffraction patterns shown in Figure 3 of the main text. 
WAXS patterns clearly show the increasing crystallinity throughout the synthesis.  
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DETAILED EXPERIMENTAL DESCRIPTION 

DIFFERENT PUMPING SCHEME  
In order to assess the possibility of beam-induced nucleation and general beam damage effects, an intermittent pumping scheme 
was used with the aim of replacing the volume in the measurement cell as fast as possible and illuminating the same portion for two 
minutes continuously (0.5 s exposure time every 10 s). A heating rate of 3 K/min and large particles were synthesized during this 
run. A total of 29 pumping and measurement cycles was carried out.  

 

Figure S4. Evolution of the radius during the intermittent pumping scheme. 

 

Figure S5. Evolution of the polydispersity during the intermittent pumping scheme. 

Neither the radius (Figure S4) nor the polydispersity (Figure S5) show sign of beam damage. The end and beginning of each inter-
mittent measurement are smeared due to the pumping action.  
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EXPERIMENTAL SETUP 

 

Figure S6. Reflux setup for the NP synthesis. 

 

 

Figure S7. Measurement cell with a Kapton window. 
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Figure S8. Sample pumping and outlet collection 

Figures S5, S6 and S7 show pictures of the critical parts of the experimental setup. The reaction vessel (Figure S5) was connected 
to the measurement position having a Kapton tubing window (Figure S6) by 70 cm of tygon tubing. Due to the strong temperature 
dependence of all reactions the reaction was immediately quenched upon entry of the sample into the tubing. The measurement cell 
composed of Kapton tubing was changed for each experiment to prevent contamination. The complete pumping system (Figure S7) 
was calibrated prior to each run and at this instance also the reproducibility of the previous setting was tested but no significant 
deviations were detected.  

 

FLUX NORMALIZATION 
To match the temperature in the reaction vessel with the SAXS/WAXS signal and the fractions of the autosampler the time lag 
between the extraction of a sample and the measurement at the X-ray window was taken into account.  

The volume of a droplet ܸ was calculated as follows: 

ܸ ൌ
ி௨௫

ேವೝ
     Equation 1 

where Flux is the flow rate at the beginning of the experiment and ܰthe number of drops per time increment. This volume can 
be used to convert the droplet count at the outlet into a flow curve over the course of the experiment. 

 

The nominal temperature ܶሺ݅ሻ for each SAXS/WAXS frame i was calculated as: 

 

ܶሺ݅ሻ ൌ ௌܶ௧௧ 
∙௧

భ
ೝ

  Equation 2 

 

where ௌܶ௧௧ is the temperature in the reaction vessel at the start of the experiment, rate the heating rate and frlen the frame length 
of a SAXS/WAXS frame. This does not take the temperature offset between the different components into account, hence based on 
the tube volume ܸbetween the reaction vessel and the respective component, the offset can be calculated as 

 

ݐ݁ݏ݂݂ ൌ


௨௫
   Equation 3 

which can be subtracted from  ܶ to obtain the matched temperature that used for further comparison. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /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 true
  /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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /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 <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /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.)
  >>
  /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 [612.000 792.000]
>> setpagedevice


