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Experimental Section 

 

The used graphite was obtained from Asbury Carbon. The grade used was 3061. Potassium 

permanganate, sodium nitrate, sulfuric acid were obtained from Sigma-Aldrich®. 15N labeled 

sodium azide was obtained from Cambridge Isotope Laboratories. Freeze-drying was 

accomplished on an ALPHA 1-4 LDplus from Matrtin Christ, Germany. For centrifugation a 

Sigma 4K15 centrifuge, Sigma Laborzentrifugen GmbH, Germany, was used. Elemental 

analysis was performed by combustion and gas chromatographic analysis with a VarioMicro 

CHNS analyzer Elementar Analysensysteme GmbH, Hanau, Germany. Thermogravimetric 

analysis (TGA) equipped with a mass spectrometer (MS) was accomplished on a Netzsch 

STA 409 CD instrument equipped with a Skimmer QMS 422 mass spectrometer (MS/EI) 

with the following programmed time dependent temperature profile: RT-800 °C (TGA-MS) 

with 10 K/min gradient, and cooling to RT. The initial sample weights were about 6 to 7 mg 

and the whole experiment was accomplished under inert gas atmosphere with a He gas flow 

of 80 ml/min. Bruker Tensor FTIR spectrometer equipped with ZnSe was used for the 
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measurements of GO films. UV/Vis spectroscopy was performed using Lamda 1050 from 

Perkin Elmer. 

 

SSNMR experiments were conducted at a static magnetic field of 11.7 T using a Bruker 

Avance III wide-bore NMR spectrometer with a Bruker 3.2-mm triple-resonance E-free MAS 

probe at a 1H NMR frequency of 500.16 MHz. We first freeze dried the GO-N3 sample. This 

sample of 25.3 mg was packed in a MAS rotor for solid state NMR. Basically, no special 

treatment was performed on the sample analyzed by the NMR analysis. The 15N chemical 

shifts were referenced to liquid 15NH3 at 0 ppm using the indirect referencing of a 13C signal 

for adamantane.1, 2 The temperature of cooling air for variable-temperature experiments was 

set to 280K using a Bruker BCU-X cooling unit at a flow rate of 800 L/h. The MAS spinning 

speed was set to 22,000 ± 5 Hz. The 15N MAS spectrum was collected with excitation by a 

π/2-pulse with a pulse width of 6 µs.  As the line widths were relatively broad, a rotor-

synchronized echo was used with a pulse interval of one rotation cycle (45.45 μs) between the 

excitation π/2-pulse and π-pulses for echo. A total of 8192 scans were accumulated without 

any 1H RF decoupling as we confirmed that no protons are likely bonded directly to the 15N 

species observed in the 15N MAS spectrum. The spectrum was apodized with Lorentzian line 

broadening of 100 Hz. 

 

Ab-initio calculations:  
15N Chemical shift calculations were performed using Gaussian 03 (Revision E.01)3 on a 

UNIX workstation with two quad-core  CPUs (ASA Computers Inc. , Mountain View, CA, 

USA). A simplified structural model for GO-N3 in Figure 3A were geometry optimized at the 

B3LYP/6-31G* level of theory.4-7 Chemical shielding tensors were calculated using GIAO8 

with BPW91and a 6-311+G* basis set, which was optimized from a previous study on 

aminopyrimidines and aminobenzenes.9 The chemical shielding tensors for 15N-N2-C and N2-
15N-C in GO-N3were converted to the chemical shift tensor as follows. Ammonia (15NH3) 

was used as the theoretical reference compound. The isotropic chemical shielding of 15N in an 

isolated ammonia molecule was calculated at the BPW91/6-311+G* level of theory, after 

geometry optimization at the same level of theory. The calculated shielding for ammonia gas 

was converted to the shielding of liquid ammonia by adding the experimentally confirmed 

difference (−20.7 ppm) between the chemical shift of gas-phase ammonia and that of liquid-

phase neat ammonia.10, 11 This gave the calculated shielding of neat liquid ammonia, which 

was 236.6 ppm. The calculated shielding tensor values of each nitrogen atom were then 
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subtracted from the calculated isotropic shielding of liquid ammonia at the same level of 

theory in order to give the calculated 15N chemical shifts. The average of the principal values 

of the chemical shift tensor yielded the isotropic 15N chemical-shift value.   

 

Preparation of GO: 

No pre-treatment of graphite was applied. Graphite (1 g, grade 3061, Asbury Carbon) and 

sodium nitrate (0.5 g) were dispersed in concentrated sulphuric acid (24 mL). The dispersion 

was cooled to about 0 °C. After that, over a period of three hours potassium permanganate 

(3.0 g) was added. The temperature of the reaction mixture was kept below 10 °C and stirred 

for an additional 16 h. The reaction mixture was still cooled and during cooling diluted 

sulphuric acid (20 mL, 10 %) was continuously added to the reaction mixture over 2 h. After 

that water was added (60 mL, 6 h) and the temperature of the reaction mixture was kept below 

10 °C. The reaction mixture was then poured on ice (500 mL) and hydrogen peroxide (20 mL, 

3 %) was added dropwise until gas evolution was completed, and the temperature was kept 

below 10 °C. The obtained graphite oxide was purified by repeated centrifugation and 

dispersion in cooled water (below 10 °C) until the pH of the supernatant was neutral. Finally, 

GO was yielded by mild sonication using a bath sonicator. Even without sonication graphite 

oxide exfoliated to GO in some extent. The suspension was finally centrifuged three times at 

5000 g to remove remaining graphite oxide. 

 

Elemental Analysis of GO:  

C 45.68, H 2.28, N 0.03, S 3.62. Total weight loss according to thermo-gravimetric analysis 

(He, rt-800 °C): 50.0 %; yield: 510 mg freeze dried. 

 

Preparation of GO-N3 and GO-15N14N2: 

Sodium azide (80 mg, 1.23 mmol) was added as a solid to a dispersion of GO (100 ml, 1 

mg/ml). The mixture was stirred for 1 h at 10 °C. After that the reaction mixture was freeze 

dried. The freeze dried reaction mixture was dispersed in cooled water (10 °C, 100 ml). Next, 

the raw product was purified by repeated, five times, centrifugation and dispersion in cold 

water. In addition a temperature of 10 °C was used during centrifugation. Finally, the product 

was isolated by freeze drying. 

 

Elemental Analysis of GO-N3:  
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C 46.25, H 1.93, N 4.13, S 1.67. Total weight loss according to thermogravimetric analysis 

(He, rt-800 °C): 50.0 %; yield: 80 mg freeze dried. 

 

Analysis of supernatant after purification of GO-N3: 

During purification of GO-N3 the supernatants were collected and freeze dried. After that the 

residue was taken up in hydrochloric acid (10 ml, 1 M). A solution of BaCl2 (0.1 M) was 

added in excess and the precipitate was formed rapidly and complete within 1 h. The 

precipitate was filtered and washed with water until there was no AgCl formed after adding 

AgNO3 (three drops, 0.1 M) to the washing solution. The precipitate was dried at 160 °C and 

finally analyzed by FTIR spectroscopy making KBr pellets. For reference fresh BaSO4 was 

prepared by a similar procedure using sodium sulfate and BaCl2. 

 

Preparation films of GO-N3 on ZnSe for FTIR analysis: 

A dispersion of GO-N3 (1 mg /ml) in water was prepared using freeze-dried GO-N3. About 5-

10 drops were placed on ZnSe and dried at ambient conditions. The thickness of the film was 

qualitatively evaluated by using the z-indicator of a Zeiss microscope. In solids: GO-N3 films 

on ZnSe were iteratively characterized by FTIR heating the ZnSe window in a drying furnace. 

In dispersion: GO-N3 films on ZnSe were iteratively prepared after heating a dispersion (1 

mg/ml) of GO-N3 in a closed vial equipped with a temperature sensor and magnetic stir bar, 

at RT, 40 °C, 60 °C, 80 °C and 100 °C for 30 min and at RT, 40 °C, 60 °C and 80 °C for 16 

hours.  
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Supporting Data 

 
Figure S1: A) FTIR spectra of GO films on ZnSe treated with different amounts of NaN3 

ranging between 8% and 42%; B) TG-MS analysis of GO-N3, showing decomposition 

products with m/z 18 (water), 28 (nitrogen/carbon monoxide, 29 (labeled nitrogen), 44 

(carbon monoxide), 64 (sulfur dioxide); C) FTIR of GO-N3 and GO-15N14N2; D) TG-MS 

analysis of GO-15N14N2 showing decomposition products with m/z 18 (water), 28 

(nitrogen/carbon monoxide, 29 (labeled nitrogen), 44 (carbon monoxide), 64 (sulfur dioxide). 
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Figure S2: TG-MS analysis of GO showing decomposition products with m/z 18 (water), 28 

(nitrogen/carbon monoxide, 29 (labeled nitrogen), 44 (carbon monoxide), 64 (sulfur dioxide). 

The weight-loss of GO treated up to 300 °C is about 40%. Up to about 100 °C the loss of 

water is mainly detected (8-10%). Up to 200 °C about 20% of weight is lost as water, CO and 

CO2 as a consequence of the decomposition of epoxy groups and hydroxyl groups. An 

additional weight-loss of 10% is detected up to 300 °C which we recently assigned to the 

decomposition of organosulfate (relates to about 3% sulfur content).12 

 

 
Figure S3: FTIR spectra of BaSO4 as isolated from the reaction of GO with sodium azide and 

pure BaSO4 freshly prepared from BaCl2 and Na2SO4. 
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Figure S4. FTIR spectra of thermally treated GO-N3; A) in solids: GO-N3 treated at RT, 40 

°C, 60 °C, 80 °C, 100 °C, 120 °C, 140 °C and 160 °C on ZnSe; B) in dispersion: GO-N3 

treated aqueous dispersions 1 mg/ml at RT, 40 °C, 60 °C, 80 °C and 100 °C for 30 min 

followed by FTIR analysis on ZnSe.  A) GO-N3 decomposition in solids starts at about 80 °C. 

The signal at 2336 cm-1 is due to evolution of CO2 that stems from oxygenated functional 

groups of GO-N3. The CO2 intercalates the GO-N3 layers, accumulates in blisters that start 

bursting at temperatures higher that 120 °C. We studied the CO2 intercalation behavior of GO 

before.12  B) GO-N3 decomposition in aqueous dispersion starts at 80 °C, indicated by the 

shoulder at 2058 cm-1. After heating GO-N3 dispersion to 100 °C the shoulder develops to a 

signal at 2058 cm-1 what relates to cleaved azide (compare Figure S1A). 
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Table S1.  Characterization of FTIR spectra from GO-N3 films shown in Figure S4A and 

S4B (1-3 µm, ZnSe): 

3600 - 3200 cm-1 O-H stretching vibration of free water, 

associated hydroxyl groups in GO and adsorbed 

water molecules. 

2924 and 2852 cm-1 C-H vibrations 

2336 cm-1 stretching vibration of intercalated/trapped CO2 

within layers of GO-N3 films 

2123 cm-1 stretching vibration of azide bound to GO 

2058 cm-1 stretching vibration of azide cleaved from GO 

1720-1730 cm-1  carbonyl signals 

1630 cm-1  adsorbed water  

1580 cm-1 C-C double bonds 

1382 cm-1 O-H deformation vibrations 

1270, 1252, ~1100 cm-1 mainly due to C-O vibrations of epoxy and 

hydroxyl groups; overlaps with C-N vibrations 

are possible as well 

1000-1100 cm-1 may originate from skeletal C-C vibrational 

modes 

Table S1: FTIR vibration correlated to functional groups. [13,14,15] 

 

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



 S-9 

Thermal stability of GO-N3 in aqueous dispersion treated for 16 hours: 

 
Figure S5. FTIR spectra of GO-N3 on ZnSe after treatment of an aqueous dispersion for 16 

hours at RT, 40 °C, 60 °C and 80 °C. The stretching vibration of azide at 2123 cm-1 is visible 

as a strong signal for dispersions treated at RT, 40 °C and 60 °C. However, a small shoulder 

develops for the 60 °C sample sample at 2058 cm-1. At 80 °C decomposition is observed and 

the relative intensity of the azide stretching vibration declines. However, the signal at 2058 

cm-1, related to inorganic azide is not visible, as it is for the 100 °C sample in Figure S4B. 

This indicates that azide reacted further and was not only cleaved. 

 

1. D. S. Wishart, C. G. Bigam, J. Yao, F. Abildgaard, H. J. Dyson, E. Oldfield, J. L. 
Markley and B. D. Sykes, J. Biomol. NMR, 1995, 6, 135-140. 

2. C. R. Morcombe and K. W. Zilm, J. Magn. Reson., 2003, 162, 479-486. 
3. M. J. Frisch et al. Gaussian 03 Revision E. 01, Guassian Inc.: Pittisburgh, PA, 2004 
4. L. B. Casabianca, M. A. Shaibat, W. W. Cai, S. Park, R. Piner, R. S. Ruoff, Y. Ishii, J. 

Am. Chem. Soc., 2010, 132, 5672-5676. 
5. A. D.  Becke, J. Chem. Phys., 1993, 98, 5648–5652. 
6.  C. T. Lee, W. T. Yang, R. G. Parr, Phys. Rev. B, 1988, 37, 785–789. 
7. P. C. Hariharan, J. A. Pople, Theor. Chim. Acta, 1973, 28, 213–222. 
8. R. Ditchfield,  Mol. Phys., 1974, 27, 789–807. 
9. M. Barfield, P. J. Fagerness, J. Am. Chem. Soc., 1997, 119, 8699−8711. 
10. P. R. Srinivasan and R. L. Lichter, J. Magn. Reson., 1977, 28, 227-234.  
11. M. Witanowski, L. Stefaniak, G. A. Webb, Annu. Rep. NMR Spectrosc., e.d. G. A. 

Webb, Academic Press, London, 1993, 25, 88. 

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



 S-10 

12. S. Eigler, C. Dotzer, F. Hof, W. Bauer and A. Hirsch, Chem. Eur. J., 2013, 19, 9490-
9496. 

13. S. Eigler, C. Dotzer, A. Hirsch, M. Enzelberger and P. Müller, Chem. Mater., 2012, 
24, 1276-1282. 

14. S. Eigler, C. Dotzer and A. Hirsch, Carbon, 2012, 50, 3666-3673. 
15. M. Acik, C. Mattevi, C. Gong, G. Lee, K. Cho, M. Chhowalla and Y. J. Chabal, ACS 

Nano, 2010, 4, 5861-5868. 

Electronic Supplementary Material (ESI) for Nanoscale
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



