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S1. Experimental Section

Mercaptoundecanoic acid-functionalized CdSe/ZnS core/shell QD with a CdSe core of ~1.5 nm
radius and overcoated with ~4 monolayers of ZnS was obtained from NN-Labs (Batch number: 101309-
JS). Nickel nitrate hexahydrate (Ni(NO3),-6H,0, 98%) and sodium hydroxide (NaOH, 99.998%) were
obtained from Alfa Aesar and Sigma-Aldrich, respectively.

Nickel hydroxide sol was prepared using a method described elsewhere.®"">* 5 ml of 1.0 M NaOH
solution was added slowly to 10 ml of 0.2 M Ni(NOs3), solution under vigorous stirring. The solution
was allowed to settle overnight, and the Ni(OH), deposit was dialyzed against deionized water for 24 h.
Nanostructured NiO film was prepared by spin coating Ni(OH), sol onto cleaned coverslips and the
Ni(OH), sol was annealed at 350 °C for 3 h. Single-molecule samples were prepared by spin casting a
dilute solution (~ 0.1 - 1 nM) of CdSe/ZnS onto either glass coverslips or NiO nanoparticle films.

Single-molecule fluorescence spectroscopy measurements were performed using a time-resolved
confocal microscope (MicroTime 200, PicoQuant). Basically, an inverted microscope (IX71, Olympus)
equipped with a scanning stage (P-733.2CL, Physik Instruments) was used to detect single molecules.
The excitation source used is a 470 nm pulsed laser diode (LDH-P-C-470B, PicoQuant) with a
repetition rate of 10 MHz. The excitation light passed through an excitation filter (Z470/10, Chroma)
and reflected by a dichroic mirror (Z467rpc, Chroma) before being focused through an oil immersion
objective lens (100x, N.A. 1.4, Olympus) which was also used to collect the fluorescence. The
fluorescence then passed through the dichroic mirror and an emission filter (HQ 490 LP, Chroma)
before being detected by a single-photon avalanche diode (SPAD, SPCM-AQR-15, Perkin-Elmer).
Time-correlated fluorescence decay profiles were recorded using the time-correlated single-photon
counting technique with the TimeHarp 200 PCI-board (PicoQuant). All measurements were performed
by using an excitation intensity of / = 280 W/cm? at ambient conditions and the data were analyzed

using the SymPhoTime software (PicoQuant).
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The time-dependent fluorescence spectra and fluorescence intensity time traces of single QDs were
simultaneously recorded using a 50%/50% beam splitter which divided the fluorescence signal into a
SPAD and a CCD camera (Pixis 100, Princeton Instruments) coupled to a monochromator (SP2150i,
Acton Research) for intensity trajectory and fluorescence spectrum measurements, respectively. The
excitation intensity used was 280 W/cm® for QDs on a glass substrate while a higher intensity of 560
W/em® was employed for QDs on a NiO film in order to record good S/N data. The integration times per
frame for QD on glass and NiO are 1 s and 3 s, respectively.

The steady-state absorption and emission spectra were recorded using a Cary 100 UV-vis

spectrometer (Varian) and a Cary Eclipse fluorescence spectrometer (Varian).

S2. Steady-state absorption and emission spectra of QD
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Figure S1. The first exciton (solid line) and emission (dash line) peaks of CdSe/ZnS QD in water. The excitation

wavelength used in the fluorescence measurement is 470 nm.

The first exciton and emission peaks of the CdSe/ZnS QD are located at 575 and 606 nm,
respectively (Figure S1). The absence of NiO nanoparticle absorption band in the range of 400 to 700

nm suggests that electronic energy transfer does not occur between QD and NiO.
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S3. Calculating the redox potentials for the QD conduction band and valence band

The redox potentials of the conduction band (CB) and valence band (VB) of the CdSe/ZnS QD
used in this study are estimated to be Ecp(CdSe) = -0.57 eV and Eyp(CdSe) = +1.59 eV vs NHE,
respectively, when the band gap and CB redox potential of bulk CdSe are taken to be 1.7 eV and -0.2
eV, respectively.®® The reported energy of the VB edge of NiO (Ey5(NiO) = +0.54 V vs NHE) is located
between Ecp(CdSe) and Eyp(CdSe), while the potential of the CB of NiO (E¢(NiO) = -3.06 V vs NHE)

is above Ecp(CdSe).>*

S4. Off-time distribution
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Figure S2. Off-time distribution for 125 blinking dots on a glass substrate.

Figure S2 shows the off-time duration histogram for a collection of 125 blinking dots on a glass

substrate. The linear log-log plot is described using a power-law distribution
P (TOﬁ” ):Po T;f;w

where mq; (= 1.7) is the power-law exponent.
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S5. Fluorescence lifetime distribution
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Figure S3. Distributions of the maximum emission intensities (a) and fluorescence lifetimes (b) of single QDs on
a glass substrate obtained by fitting the fluorescence decay profiles, constructed from the maximum intensity
range, to a single exponential decay function. Distributions of the emisson intensities and long lifetime
component of the double exponential fit of the fluorescence decay curves of QDs on NiO are also presented in (c)

and (d), respectively.

The fluorescence lifetime decay curves of 73 single QDs on a glass substrate, constructed from
photons in the maximum intensity range, were fitted to a single exponential decay function and the
distribution of the lifetimes is given in Figure S3(a). On the other hand, the fluorescence lifetime decay
profiles of 87 QDs on NiO were fitted to a double exponential decay function with a short lifetime
component that is shorter than the resolution of the instrument (~150 ps) and a long lifetime component
whose distribution is presented in Figure S3(b). The averaged lifetime and maximum emission intensity
of single QDs on glass are 15.0 ns and 63.6 counts/ms, respectively, and on NiO are 0.8 ns and 3.3
counts/ms, respectively. The exact nature of the short lifetime component is not clear at the present
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moment. Clearly, the fluorescence lifetimes of QDs on NiO are quenched as compared to those of QDs

on a glass substrate.

S6. Blue shift rate

The emission spectra for the QDs on NiO (Figure 4 of main text) were measured using a higher intensity of /
= 560 W/cm® in order to obtain good signal-to-noise data for both the emission spectra and intensity trajectories
collected simultaneously. The intensity of 7 = 560 W/cm” was not used for QDs on glass substrate since the dots
photobleached too quickly at this intensity to allow an accurate determination of the blue shift rate. This is
possibly due to a greater number of excitation cycles and faster trapping of ejected charges by deep traps. At the
higher intensity (560 W/cm?), the QDs on NiO still showed long survival times and slower blue shift rates as
compared to QDs on glass substrate (excited with 7 = 280 W/cm?) demonstrating the fast transfer of charge
carriers from dots to NiO and a low probability of charges ejected to the QD surface.

The blue shift rate of a single QD was calculated using the expression (wavelength-shift/time),
where wavelength-shift is the difference in the peak wavelength of the spectrum in the final frame
before the dot photo-bleaches and the spectrum in the initial frame, and time is the time between the
final and initial frames.>® Only QDs that yielded more than 3 frames of spectra were considered in the
analysis. The average blue-shift rates for QDs on a glass substrate and a NiO film are calculated to be
1.5 nm/s (based on 66 dots) and 0.4 nm/s (based on 77 dots), respectively. Clearly, the spectral shift rate

is slower for QD on NiO as compared to that for QD on a glass substrate.



Supplementary Material (ESI) for Chemical Communications
This journal is (c) The Royal Society of Chemistry 2010

References:

S1. G. Boschloo, A. Hagfeldt, J. Phys. Chem. B, 2001, 105, 3039.

S2. C. R. H. Bahl, S. Marup, Nanotechnology, 2006, 17, 2835.

S3. C. Burda, T. C. Green, S. Link, M. A. El-Sayed, J. Phys. Chem. B, 1999, 103, 1783.

S4. J. He, H. Lindstrom, A. Hagfeldt, S-E. Lindquist, J. Phys. Chem. B, 1999, 103, 8940.

Ss. Y. Matsumoto, R. Kanemoto, T. Itoh, S. Nakanishi, M. Ishikawa and V. Biju, J.
Phys. Chem. C, 2008, 112, 1345.

Sé6. H. Chen, H. Gai, E. S. Yeung, Chem. Commun., 2009, 1676.




<<
  /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 1.4
  /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 ()
  /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 <>
    /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.)
    /ENG ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


