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Experiment Section: 

Chemicals: Tetrakis(hydroxymethyl)phosphonium chloride (THPC, P(CH2OH)4Cl, 80% aqueous solution), 

L-penicillamine, D-penicillamine and DL-penicillamine were purchased from Acros Organics (Belgium). All the 

other chemicals were of analytical reagent grade and were used as received without further purification. All the 

solutions were prepared with double-distilled water purified by a Milli-Q system (Millipore, Bedford, MA, 

USA). 

Synthesis of Au NCs: In a typical experiment, 12 μL THPC was added to 47 mL NaOH solution (6 mM) at 

25 °C. The mixture was stirred for 3 min, followed by rapid addition of a solution of HAuCl4 (0.67 mL, 2% by 

mass) and chiral PA (2.5 mL, 0.1 M). After stirring for about 15 h, the solution changed from colorless to light 

yellow. In a typical experiment, 12 μL THPC was added to 47 mL NaOH solution (6 mM) at 25 °C. The mixture 

was stirred for 3 min, followed by rapid addition of a solution of HAuCl4 (0.67 mL, 2% by mass) and chiral PA 

(2.5 mL, 0.1 M). After stirring for about 15 h, the solution changed from colorless to light yellow. 

Characterizations. UV-visible absorbance spectra were recorded on a Cary 50 scan UV-vis-NIR 

spectrophotometer (Varian, Harbor City, CA) at room temperature. Photoluminescence spectra were carried out 

on a LS-55 luminescence spectrometer (Perkin-Elmer). Mass spectrometry (MS) was carried out on Bruker 

autoflex III smartbeam MALDI-TOF/TOF-MS (Germany), the laser system was smartbeam laser with 355nm 

wavelegnth and the scan mode was reflective/linear, the ion mode was positive under an acceleration voltage of 

20.00 kV, the ion extraction time was 0 ns, the solvent was water and the matrix was 2, 5-dihydroxylbezonic 

acid. TEM measurements and EDS were made on a FEI TECNAI G2 transmission electron microscope 

(Netherlands) operated at an accelerating voltage of 120 kV. XPS measurements were made on a Thermo 

ESCALAB 250 X-ray photoelectron spectrometer. AFM measurement was carried out on a MultiMode® 8 

Scanning Probe Microscope (Veeco Instruments Inc., USA) at room temperature, analyzed with NanoScope® 

Version 8.1 software. CD spectra were collected using a JASCO J-820 spectropolarimeter (Tokyo, Japan) and 

CD measurements were from 200 to 400 nm, the data pitch was 0.1 nm, scan speed was 200 nm/min, response 

time was 0.5 s, and bandwidth was 1 nm. 
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Figure S1. XPS spectra showing the binding energy of the Au4f level of L-Au NCs (A), D-Au NCs (B) and DL-Au NCs (C). 

 

XPS measurements were carried out to analyze the valence states of gold in chiral PA proteccted Au NCs. As shown 

in Figure S1 A, the binding energy of Au4f7/2 and Au4f5/2 were at 84.5 eV and 88.1 eV, respectively. It was 

noteworthy that the binding energy of Au4f7/2 fell between the Au (0) (84 eV) of a metallic gold film and the Au 

(I) (86 eV) of gold thiolate, which indicated the coexistence of Au (0) and Au (I) in L-Au NCs. Similar results 

were observed in D-Au NCs and DL-Au NCs as shown in Figure S1 B and Figure S1 C, respectively. 
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Figure S2. The TEM image and EDS spectrum of L-Au NCs. 

As shown in Figure S2, the diameters of L-Au NCs were mostly smaller than 2 nm and such Au NCs were 

constructed with Au. 
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Figure S3. The TEM image and EDS spectrum of D-Au NCs. 

As shown in Figure S3, the diameters of D-Au NCs were mostly smaller than 2 nm and such Au NCs were 

constructed with Au. 
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Figure S4. The TEM image and EDS spectrum of DL-Au NCs. 

As shown in Figure S4, the diameters of DL-Au NCs were mostly smaller than 2 nm and such Au NCs were 

constructed with Au. 
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Figure S5. The dynamic light scattering results of chiral PA protected Au NCs, A: L-Au NCs, B: D-Au NCs, C: DL-Au NCs. 

The dynamic light scattering results in Figure S5 showed that the diameters of chiral PA protected Au NCs were mostly about 0.5 

nm which were consistent with the TEM images and AFM images in Figure 1 and Figure S6. 
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Figure S6. AFM images of Au NCs synthesized using LPA (A, B), DPA (C, D) and DLPA (E, F) as scaffolds. 

 

For further characterizations of such dispersed small Au NCs, atomic force microscope (AFM) was utilized for the height 

determination of such Au NCs synthesized using chiral PA as scaffolds. As shown in Figure S6 A, there were large density of 

L-Au NCs on the surface of mica with the height range from 0.3 nm to 0.7 nm in a 5.0 μm × 5.0 μm area. The AFM images 

indicated the diameters of L-Au NCs were so small that the Au NCs with a diameter of about 1.5 nm in Figure 1A and Figure 1B 

might be the aggregations of real small Au NCs. To get a higher resolution AFM image of L-Au NCs, Au NCs with LPA as 

scaffolds were observed in a 3.0 μm × 3.0 μm area as shown in Figure S6 B. The AFM images of D-Au NCs and DL-Au NCs 

were similar to those of L-Au NCs which were shown from Figure S6 C to Figure S6 F. As shown in Figure S6 C and Figure S6 D, 

the heights of Au NCs with DPA as scaffold were about 1.5 nm which were consistent with the TEM images of D-Au NCs shown 

in Figure 1C and Figure 1D. Similarly, the AFM images of DL-Au NCs indicated that the heights of Au NCs with DLPA as 

scaffolds were about 1.0 nm which were coincident with the TEM images of DL-Au NCs shown in Figure 1E and Figure 1F. 

Overall, the AFM characterizations confirmed the formations of Au NCs synthesized using chiral PA as scaffolds and the good 

dispersion of such synthesized Au NCs in double-distilled water. 
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Figure S7. MALDI-TOF/TOF mass spectra of the Au NCs protected with different scaffolds such as LPA (A), DPA (B) and DLPA 

(C). 

 

To determine what were the actually structures of the Au NCs protected by chiral PA and how many gold atoms formed the Au 

NCs, MALDI-TOF/TOF-MS was utilized for the characterizations of the Au NCs. The MALDI-TOF/TOF mass spectra of chiral PA 

protected Au NCs showed that the present Au NCs contained a small number of gold atoms such as Au3. As shown in Figure S7 

A, the peaks at 739.3 and 761.2 could be assigned to be the species [Au3PA]+ and [Au3PANa]+, respectively, which meant that 

such synthesized Au NCs mostly consisted of three Au atoms. However, these Au3 clusters could easily aggregate to form larger 

Au NCs and the TEM and AFM images of these large Au NCs were shown in Figure 1 and Figure S6. As shown in Figure S7 B, 

D-Au NCs displayed similar MALDI-TOF/TOF-MS spectra to the spectra of L-Au NCs, most of the Au NCs with DPA as scaffolds 

were constructed with three Au atoms such as [Au3PA]+ and [Au3PANa]+. The MALDI-TOF/TOF spectra of DL-Au NCs showed 

very similar results from those of L-Au NCs and D-Au NCs. As shown in Figure S7 C, there were also two peaks at 739.3 and 

761.2 which were corresponding to [Au3PA]+ and [Au3PANa]+ in the mass spectra of DL-Au NCs. In view of the MALDI-TOF/TOF 

spectra of the Au NCs, there were only Au3 clusters and no other Au NCs which meant that Au3 clusters were stable under such 

condition.
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Figure S8. The investigation of in situ CD spectra of chiral PA protected Au NCs. The reaction time: A: 0 h, B: 0.5 h, C:2 h, D: 5 h, 

E: 10 h and D: 15 h. 
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Figure S9. Confocal image of HeLa cells after incubation in cell culture fluid for 2 h, scale bars: 20 μm. 
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Figure S10. The photos of L-Au NCs (A), D-Au NCs (C) and DL-Au NCs (E) and the images of L-Au NCs (B), D-Au NCs (D) and 

DL-Au NCs (F) irradiation of UV light (365 nm). 
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Figure S11. The UV-Vis absorption spectra of chiral PA (A), HAuCl4 (B), the mixture of chiral PA and HAuCl4  (C) and the 

mixture of chiral PA and HAuCl4 after 15 h (D). 
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Figure S12. The photoluminescence spectra of HAuCl4 and chiral PA. 
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Figure S13. Typical TEM images of L-Au NCs (A), D-Au NCs (B) and DL-Au NCs (C) and the corresponding selected area electron 

diffraction pattern (inset). 

As shown in Figure S13, there was no obvious symmetrical lattice in the selected area electron diffraction patterns which 

reflected that such synthesized chiral PA protected Au NCs were not so well crystalline. 
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The quantum yield (Q) of chiral PA protected Au NCs were calculated with the following equation. Quinine sulfate in 0.1 M 

H2SO4 (literature quantum yield 0.54 at 360 nm) was chose as a standard. Since Q is the quantum yield, I is the measured 

integrated emission intensity, n is the refractive index, and A is the optical density. The subscript R refers to the reference 

fluorophore of known quantum yield. 

2

2

R

R

R
R n

n
A
A

I
IQQ =  [1] 

Sample Intergrated 
emission 
intensity (I) 

Abs. At 360 
nm (A) 

Refractive 
index of 
solvent (n) 

Quantum yield 
at 360 nm (Q) 

Quinine sulfate 1119.37 0.1335 1.33 0.54 (known) 
L-Au NCs 169.96 0.2004 1.33 0.01 
D-Au NCs 31.12 0.2027 1.33 0.054 
Ref. 2    0.003 
Ref. 3    < 0.003 
Ref. 4    0.007 
Ref. 5    0.06 

 

Table S1. The fluorescence quantum yield of chiral PA protected Au NCs and the comparisons with other Au NCs reported before. 

Reference: 

[1] Y. H. Yang, J. H. Cui, M. T. Zheng, C. F. Hu, S. Z. Tan, Y. Xiao, Q. Yang, Y. L. Liu, Chem. Commun. 2012, 48, 380-382. 

[2] T. Huang, R. W. Murray, J. Phys. Chem. B 2001, 105, 12498-12502. 

[3] Y. Y. Yang, S. W. Chen, Nano. Lett. 2003, 3, 72-79. 

[4] Y. C. Negishi, Y. Takasugi, S. Sato, H. Yao, K. Kimura, T. Tsukuda, J. Am. Chem. Soc. 2004, 126, 6518-6519. 

[5] J. P. Xie, Y. G. Zheng, J. Y. Ying, J. Am. Chem. Soc. 2009, 131, 888-889. 

Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013



<<
  /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 1.6
  /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 (None)
  /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 <>
    /ENG ()
    /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.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


