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Triplet—Triplet Annihilation Upconversion Based on Silica Nanoparticles
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Abstract Photon upconversion based on triplet-triplet annihilation (TTA) composed of organic photosensitizer and emitter,
has attracted widespread attention due to its unique photophysical properties and enormous applications in photovoltaic cells,
photocatalysis, bio-imaging, and photodynamic therapy. Particularly, in biological systems, long-wavelength excitation light
can efficiently reduce the interference of background fluorescence and increase the penetration depth of biological tissue,
thereby avoiding the use of high-energy excitation light and reducing the damage to biological samples. However, most of the
upconversion dyes based on TTA mechanism are water-insoluble organic compounds, which greatly limits their application in
the biological field. Herein we synthesized a TTA upconversion system based on silica nanoparticles, which can achieve up-
conversion emission in water. Specifically, the photosensitizer (fluorinated tetraphenylporphyrin platinum) and the emitter
(siloxane derivatized 9,10-diphenylanthracene) for photon upconversion were designed and synthesized, whose upconversion
performance in dichloromethane solution was firstly studied by UV-Vis spectrophotometer and fluorescence spectrometer.
Clear blue upconversion emission from emitter could be observed when the photosensitizer was excited by 532 nm laser. The
triplet energy transfer efficiency between photosensitizer and emitter is 60%. The optimal ratio of photosensitizer to emitter
was 1 . 40. Based on this ratio, the stable upconversion silica nanoparticles with uniform size in water were constructed by
micellar template method. The average diameter characterized by transmission electron microscopy (TEM) is 15.5 nm and
the hydration diameter characterized by dynamic light scattering (DLS) is 22.5 nm. When the 532 nm laser is used as the
excitation source, the upconversion emission in water was achieved. Their upconversion luminescence lifetime and quantum
yield are 12 ps and 0.8%, respectively. Finally, the upconversion mechanism in silica nanoparticles was studied. The upcon-
version intensities in silica nanoparticles show quadratic and first-order dependences on the incident intensity in the low and
high excitation intensity ranges respectively, proving a triplet-triplet annihilation mechanism.
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Figure 1 Schematic diagram of mechanism for triplet-triplet annihila-
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of photosensitizer; 'E: singlet state of emitter, °E: triplet state of emitter)
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Figure 2 Schematic diagram of constructing silica nanoparticles with
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Figure 4 Upconversion emission spectra with different proportions of
SD-DPA in dichloromethane (Inset: photo of upconversion emission)
(crorpy=8X 10 moleL ", 2,,=532 nm); (b) Trend diagram of upconver-
sion luminescence intensity versus SD-DPA/Por(Pt) molar ratio
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Figure 6 (a) TEM image of silica nanoparticles; (b) hydration diameter
distribution of silica nanoparticles by DLS
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Table 1 Synthesis of silica nanoparticles

F-127 PS* E’ TEOS TMSCI NaCl
(mg) (mg)  (mg) (uL) (uL) (mg)
100 0.09 2.1 180 10 68

.. b .
“Photosensitizer; ” emitter.

4.3 ZEEGCRBRISR . RTRIE

TEM AE: 7] 5 mL £EF/KH A 50 uL —%6 4k
FEGCRIUR IR, IRFTRE], FAWEEL 10 uL FRl
Iy AE R R E, 40 C B TR RUE FE S
TR g2 5.

DLS FRAE: FFH a8 0> & FR# R, A DLS
LRGN, FHsh&aHEH G HRiE oA
4.4 FRISHIERIE

SO R e e E e AR TS EEHIIR A
1.6X 10> moleL ™" YEBGAIL Sk i) — & e in i, %
B 2 mL 4350 B T b e i it 84 B Ao v AR G
Jeitk, FEBORR LIS AT B AR 10 min HER A

%

FEHGAAN AR R LE LG 2 B 10 uL KR
1.6X 107> moleL ™" MBI E T tha b, Ak
FERN 1.6 X 10 > molL ™" FIR YAk 200 pL, K5iR AW
B 2 mL, AR 10 min HHRES, UL 532 nm [HH0E
VE RO IEIR, AR F#E# ko, Hoa Eu gl 75 v )
B IR AR RS 5 400, 600, 800 L.

ARG R R P E BRI B 1 mL
FALTEGK BRI RS 2 mL BT, JEE
.30 min HERASR, 4 AR LR IS s s A A 6 ko
ik, b R B IR 532 nm B0 (980.9
mW/cm?).

References

[1] (a) Zhou, J.; Liu, Q.; Feng, W.; Sun, Y.; Li, F. Y. Chem. Rev. 2015,

46  http://sioc-journal.cn

© 2019 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

115, 395. (b) Yanai, N.; Kimizuka, N. Chem. Commun. 2016, 52,
5354. (¢) Duan, C. C.; Liang, L. E.; Li, L.; Zhang, R.; Xu, Z. P. J.
Mater. Chem. B 2018, 6, 192. (d) Fan, C. Y.; Wu, W. H.; Yang, C.
Chin. J. Org. Chem. 2018, 38, 1377. QU fHHELE, K, A M
#2018, 38, 1377.) (e) Li, L.; Zeng, Y.; Yu, T. J.; Chen, J. P;
Yang, G. Q.; Li, Y. ChemSusChem 2017, 10, 4610. (f) Xun, Z. Q.;
Zeng, Y.; Chen, J. P; Yu, T. J.; Zhang, X. H.; Yang, G. Q.; Li, Y.
Chem.-Eur. J. 2016, 22, 8654.

[2] Parker, C. A.; Hatchard, C. G. Proc. R. Soc. London, Ser. A 1962,
269, 574.

[3] Parker, C. A. Proc. R. Soc. London, Ser. A 1963, 276, 125.

[4] (a) Huang, Q. M.; Yu, H.; Zhang, X. Q.; Cao, W. B.; Yu, J. C. Acta
Chim. Sinica 2016, 74, 191. (35758, Ardh, JKE&, W30,
A, SR, 2016, 74, 191.) (b) Huang, C. B.; Ren, A. X. Acta
Chim. Sinica 2007, 65, 2765. (P, (E%H:, LF 54k, 2007,
65,2765.)

[5] Fan, C. Y.; Wu, W. H.; Chruma, J. J.; Zhao, J. Z.; Yang, C. J. Am.
Chem. Soc. 2016, 138, 15405.

[6] (a) Wang, Z. J.; Zhao, J. Z.; Barbon, A.; Toffoletti, A.; Liu, Y.; An, Y.
L.; Xu, L.; Karatay, A.; Yaglioglu, H. G; Yildiz, E. A.; Hayvali, M.
J. Am. Chem. Soc. 2017, 139, 23. (b) Cui, X. N.; Zhao, J. Z.; Zhou,
Y. H.; Ma, J.; Zhao, Y. L. J. Am. Chem. Soc. 2014, 136, 9256. (c)
Zhang, C. S.; Zhao, J. Z.; Wu, S.; Wang, Z. L.; Wu, W. H.; Ma, J.;
Guo, S.; Huang, L. J. Am. Chem. Soc. 2013, 135, 10566. (d) Wu, W.
H.; Guo, S.; Zhao, J. Z. Sci. China Chem. 2012, 42, 1381. (fRF1E,
BRa, X, b EAS: g, 2012, 42, 1381) (e) Ma, L. H.;
Guo, S.; Zhao, J. Z.; Guo, H. M. Chin. Sci. Bull. 2014, 59, 1655. (%
B4, FRO, A, FREE, AHEildR, 2014, 59, 1655.) (f) Wan,
S. G; Lin, J. X.; Su, H. M.; Dai, J. F.; Lu, W. Chem. Commun. 2018,
54,3907.

[7] Khnayzer, R. S.; Blumhoff, J.; Harrington, J. A.; Haefele, A.; Deng,
F.; Castellano, F. Chem. Commun. 2012, 48, 209.

[8] Kwon, O. S.; Kim, J. H.; Cho, J. K.; Kim, J. H. ACS Appl. Mater.
Interfaces 2017, 7, 318.

[9] Guo, C.; Li, M. G. Acta Chim. Sinica 2014, 72, 215. (¥4, Z5/%H,
52 4), 2014, 72, 215.)

[10] Wang, C.; Cheng, L.; Liu, Z. Theranostics 2013, 3, 317.

[11] Wohnhaas, C.; Maildnder, V.; Droge, M.; Filatov, M. A.; Busko, D.;
Avlasevich, Y.; Baluscheyv, S.; Miteva, T.; Landfester, K.; Turshatov,
A. Macromol. Biosci. 2013, 13, 1422.

[12] Haase, M.; Schifer, H. Angew. Chem., Int. Ed. 2011, 50, 5808.

[13] Tanaka, K.; Inafuku, K.; Chujo, Y. Chem. Commun. 2010, 46, 4378.

[14] Turshatov, A.; Busko, D.; Baluscheyv, S.; Miteva, T.; Landfester, K.
New J. Phys. 2011, 13, 083035.

[15] Monguzzi, A.; Frigoli, M.; Larpent, C.; Tubino, R.; Meinardi, F.
Adv. Funct. Mater. 2012, 22, 139.

[16] Huo, Q. S.; Liu, J.; Wang, L. Q.; Jiang, Y. B. J. Am. Chem. Soc.
20006, 128, 6447.

[17] Sun, Y. H.; Zha, L. G. H.; Zhang, J. L.; Guan, C. X.; Zheng, L.; Li,
W.; Qiao, J. I. Acta Chim. Sinica 2011, 69, 967. (Fh i1, FL L H,
TREF, RS, A, A, SR ZE, LFFIR, 2011, 69, 967.)

[18] (a) Petrizza, L.; Collot, M.; Richert, L.; Mely, Y.; Prodib, L.; Klym-
chenko, A. S. RSC Adv. 2016, 6, 104164. (b) Wang, C.; Chen, Y. Z.;
Wu, D. Y. Chem. J. Chin. Univ. 2018, 39, 917. (£, MEH, =
KB, BEFARNEFIR, Chem. J. Chin. Univ. 2018, 39,917.)

[19] Kwon, O. S.; Song, H. S.; Conde, J.; Kim, H. L.; Artzi, N.; Kim, J.
H. ACS Nano 2016, 10, 1512.

[20] Huang, L.; Zhao, Y.; Zhang, H.; Huang, K.; Yang, J. Y.; Han, G. An-
gew. Chem. Int. Ed. 2017, 56, 14400.

[21] Stober, W.; Fink, A.; Bohn, E. J. Colloid Interface Sci. 1968, 26, 69.

[22] Genovese, D.; Bonacchi, S.; Juris, R.; Montalti, M.; Prodi, L.; Ram-
pazzo, E.; Zaccheroni, N. Angew. Chem., Int. Ed. 2013, 52, 5965.

(Zhao, X.)

Acta Chim. Sinica 2019, 77, 41—46




<<
  /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


