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Experimental Section

Chemicals: 1,10-decanedicarboxylic acid (DDA, Alfa Aesar), 11-mercaptoundecanoic acid
(MUA, Alfa Aesar), Oleic acid (OA; 90%, Alpha), Oleylamine (OAm; >80%, Acros),
l-octadecene (ODE, Acros), CF;COONa (>97%, Acros), iron(Ill) acetylacetonate (Fe(acac)s,
Acros), Ln,O; (Ln =Y, Yb, Er), ethanol (AR), hexane (AR) and cyclohexane (AR) were used as
received. Ln(CF;COO); were prepared with the literature method (Roberts, J. E. J. Am. Chem.
Soc. 1961, 83, 1087).

Synthesis of 100 nm [-NaYF,.:Yb,Er NPs: As a typical synthesis procedure for 1 mmol
F-NaYF4:Yb,Er, 1.9 mmol CF;COONa, 0.78 mmol Y(CF;COO);, 0.20 mmol Yb(CF;COO); and
0.02 mmol Er(CF;COO); was added into a three-necked flask with 20 mmol OA and 20 mmol
ODE, followed by vacuum degassing at 120 °C for 30 min to remove water and oxygen. Then the
solution was heated to 330 °C at a rate of 20 K-min™ under nitrogen protection. After maintained
at 330 °C for 30 min, the reaction was cooled down to room temperature. The S-NaYF4:Yb,Er
NPs were centrifugally separated within an excess amount of ethanol, and the white powder was
collected for the second round synthesis.

Synthesis of 200 nm [-NaYF,.:Yb,Er NPs: The synthetic procedure was the same as that

used for the 100 nm S-NaYF4:Yb,Er NPs, except that the quantity of CF;COONa was increased
to 2.1 mmol.

Synthesis of Fe;0/f-NaYF :Yb,Er hetero-NPs with DDA: In the DDA-assisted synthesis
route, the S-NaYF,Yb,Er NPs with 200 nm diameters were utilized. Typically, 0.5 mmol
Fe(acac);, 0.5 mmol DDA, and the as-synthesized /NaYF,:Yb,Er NPs powder (with 1 mmol of
Ln) were dissolved in 4 mmol OA, 5 mmol OAm and 20 mmol ODE in a three-necked flask,
followed by vacuum degassing at 120 °C for 30 min. Then the solution was heated at a rate of 20
K-min" and maintained at 265 °C for 40 min under nitrogen atmosphere. After that, the reaction
was cooled down and 50 mL of cyclohexane/ethanol mixture (1:1 in volume) was poured into the
flask. The product was centrifugally precipitated and washed in cyclohexane/ethanol mixture for
3 times to remove excess DDA. The as-prepared Fe;O4/f-NaYF,:Yb,Er hetero-NPs could be
easily dispersed in nonpolar organic solvents, such as cyclohexane and chloroform.

Synthesis of Fe;0,/p-NaYF . Yb,Er hetero-NPs with MUA: The MUA-assisted synthesis

followed the same procedure as that for DDA system, except /~NaYF,:Yb,Er NPs in 100 nm
diameters and 1 mmol MUA was used instead. The solvent compositions were also changed a
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little, with 3 mmol OA, 5 mmol OAm and 20 mmol ODE.

Surface Modification of Fe;0/3-NaYF,:Yb,Er hetero-NPs: The product obtained from
DDA-assisted route were utilized in this experiment. Typically, 10 mg of hetero-NPs were
dissolved in 50 mL n-hexane, and cooled down to —78 °C in a dry ice/acetone bath with vigorous
stirring. Then the solution was bubbled up by an ozone flow (1.2 L-h™") for 5 min. It will be a
signal for the reaction accomplishment by the solution color variation from brown to blue-gray.
To get rid of the excessive ozone, the solution was further bubbled by oxygen flow until the blue
color was faded. Then the solution was added with 50 mL ethanol, 0.5 mL CH;COOH and 0.5
mL 30% H,0,, and stirred at room temperature for 24 h. The hydrophilic hetero-NPs was purified
by centrifuging, and re-dispersed in water.

Magnetic Patterning and UC Luminescent Readout: The home-made ferreous mask had a
periodic spacing of 200 pum. It could regulate the intensity distribution of a parallel magnetic field.
A drop of water solution contained hetero-NPs (1 mg-mL™") was transferred onto a coverslip with
a soakage area of 1 cm’. Then the ferreous mask at the backside will magnetically trap the
hetero-NPs onto the coverslip according to its shape. After the evaporation of water, the coverslip
was imaged on a Nikon fluorescent microscope with 980 nm laser excitation. By the way, the
cyclohexane solution will be evaporated too fast for the patterned trapping of NPs, so the aqueous
solution was preferred.

Control Experiments for the Second synthesis Step: The preparation was conducted with
the similar procedure as that for hetero-NPs, except for the different reagents as indicated in the
table. (TEM images of the products were displayed in Fig. 2)

No. NaYF4;:Yb,Er Fe(acac);  Crosslinker OA OAm ODE
a 1 mmol 0.5 mmol / 5 mmol 5 mmol 20 mmol
b / 0.5 mmol / 5 mmol 5 mmol 20 mmol
0.5 mmol
c / 0.5 mmol DDA 4 mmol 5 mmol 20 mmol
1 mmol
d / 0.5 mmol MUA 3 mmol 5 mmol 20 mmol

Instrumentation. Samples for transmission electron microscopy (TEM) analysis were made
from drying a drop of nanocrystal dispersion in cyclohexane or water on carbon-coated copper
grids. TEM and HRTEM data were acquired on Hitachi H-9000 NAR TEM under a working
voltage of 300 kV. The same copper grids were also utilized for the imaging on an Olympus laser
scanning confocal microscope equipped with 980 nm laser. Powder X-ray diffraction (XRD)
patterns of the dried powders were recorded on a Rigaku D/MAX-2000 diffractometer (Japan)
with a slit of 1/2 ° at a scanning rate of 2°min”', using Cu-Ka radiation (I = 1.5406 A).
Inductively Coupled Plasma (ICP-AES, Plasma-Spec, Leeman Labs. Inc.) measurement was used
to determine Y and Fe contents in the hetero-NPs. Room temperature UC luminescent spectra
were measured on a Hitachi F-4500 spectrophotometer equipped with an external 980 nm laser
diode. The magnetic measurements were performed on a Quantum Design Superconducting
Quantum Interference Device magnetometer (SQUID). Hysteresis loops were measured in a
magnetic field varied from +50 to —50 kOe at 300 K. Zero-field-cooled (ZFC) and field-cooled
(FC) magnetization curves were measured under an applied field of 50 Oe between 2 and 300 K.
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Data Section

Figure S1. TEM images of the f/-NaYF,:Yb,Er NPs with diameters of ca. 200 nm (a) and ca. 100 nm
(b).
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Figure S2. XRD patterns of the Fe;04/NaYF4:Yb,Er hetero-NPs synthesized with DDA (a) and MUA
(b). The diffraction peaks of Fe;04 and f-NaYF4:Yb,Er are labeled with red and green symbols,

respectively.
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Figure S3. Selected area electron diffraction (SAED) analysis of the Fe;O4/NaYF,:Yb,Er

hetero-NPs synthesized with DDA (a) and MUA (b).
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Figure $4. EDAX spectra of Fe;04/NaYF4:YDb,Er hetero-NPs synthesized with DDA (up) and MUA
(down).
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Figure S5. UC luminescent spectra of Fe;04/NaYF4:Yb,Er hetero-NPs and their UC NPs counterparts:
(a) DDA-assisted route; (b) MUA-assisted route. The Ln concentration was fixed as 0.01 mmol in 10
mL cyclohexane for the sake of comparing the luminescent intensity.
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White Light ~ UC Luminescence Merge

Figure S6. UC luminescent images of the TEM grids that loaded with 100 nm (a) and 200 nm (b)
NaYF4:Yb,Er NPs, and Fe;04/NaYF4:Yb,Er hetero-NPs synthesized with (c) MUA, (d) DDA.
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Figure S7. Magnetic tapping of MUA treated Fe;O./NaYF,:Yb,Er hetero-NPs from the
cyclohexane solution: (a) the stock solution of hetero-NPs revealed green UC luminescent beam
under 980 nm laser irradiation; (b) After magnetic tapping, the solution turned to be colorless and
the luminescent beam was vanished; (¢) From another direction, it can be observed that all
hetero-NPs were tapped by the magnet, and still maintained UC luminescence with IR irradiating.
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Figure §8. (a) TEM image of the ozonolysis treated Fe;04/NaYF,:Yb,Er hetero-NPs that dispersed
in water. (b) UC luminescence spectrum of the aqueous solution of hetero-NPs.

Table S1. ICP-AES results for the Fe/Y ratio of hetero-NPs

DDA hetero-NPs MUA hetero-NPs
Fe/Y ratio 0.90 0.65

S6




<<
  /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


