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Characterization methods and measurement techniques. 
 
The morphology, purity, and composition of the synthesized material were studied by scanning 
electron microscopy (SEM) using a Hitachi S-5200 with an accelerating voltage of 2.0 kV at 15 
µA , transmission electron microscopy (TEM) using a JEOL 2010F microscope with an 
accelerating voltage of 200 keV and a current of 190µA, and X-ray photoelectron spectroscopy 
(XPS) utilizing a Kratos Analytical AXIS Ultra DLD Imaging System with an Al K-alpha X-ray 
source operating at 225 W. Structural properties were also characterized using Raman 
spectroscopy. Raman microscopy and photoluminescence measurements were performed using a 
Jobyn Yvon LabRam Aramis grating spectrometer equipped with a CCD camera. The second 
harmonic radiation of a diode-pumped Nd:YAG laser (523 nm wavelength, 5 mW power, CW 
regime, spot size ~3µm). The modified 3D GNS material was packed into a column housing with 
diameter of material chamber 6 mm and length 8.5 cm. The chiral separation capabilities of 
material were tested using Agilent 1200 series high performance liquid chromatography (HPLC) 
device equipped with G1314B wavelength detector and 1260FLD fluorescence detector using 
the radiation wavelength 254 nm. The results of chiral separation we controlled using optical 
polarimetry with help of Rudolph Research Analytical Autopol III polarimeter using light at the 
sodium emission line at the wavelength of 589 nm. The purity of separated chiral compounds 
was checked using Bruker Avance III 400 MHz NMR spectrometer. We also used energy 
dispersive X-ray spectroscopy (EDX) for monitoring of residual impurities, and for the 
verification of chemical modification of our graphene samples before and after chemical 
treatment. For this purpose, we used the Hitachi S-3200N scanning electron microscope 
equipped with Thermo Electron LN-Cooled EDX detector with spectral resolution 134 eV. 
 



Material morphology 
 

The morphology of synthesized 3D-GNS is shown in the Figure SI1. The material has a 
highly defective nature after removal of silica support. The morphology is similar to previously 
observed in the materials made by similar method (Refs. 48-50 of the main text). 

 
Figure SI1. Scanning Electron Microscopy image of synthesized 3D GNS material.  

 

	

EDX and XPS analysis of modified 3D GNS. 
 
The method of 3D GNS fabrication, used in our work, leads to the situation when the material 
before functionalization already contains chemical elements which may bind TCNEO and other 
functionalization chemicals. Functionalization leads to further changes in carbon, nitrogen and 
oxygen contents at the level comparable to the natural level of composition inhomogeneity in the 
initial 3D GNS. The EDX tests did not provide the statistically sufficient information about 
increase or decrease of quantities of chemical elements after functionalization reactions.  
 



 
Figure SI2. The energy-dispersive X-ray spectroscopy (EDX) survey spectrum collected from 
the lateral size of ~3000 µm2 area of 3D GNS sample substrate after the chemical modification 
3, taken with the electron beam energy of 25 keV.  

 
The energy-dispersive X-ray spectroscopy (EDX) spectra collected from the lateral size 

of ~3000 µm2 area of 3D GNS sample substrate after the chemical modification 3, taken with 
the electron beam energy of 25 keV, are shown in the Figure SI2. The EDX spectrum of our 
fully-modified 3D GNS sample is practically identical to typical EDX spectra of 3D GNS 
before modifications. The EDX spectra show three dominant lines: carbon (C K-line at 0.246 
keVSI1), oxygen (O K-line at 0.515 keVSI1), and nitrogen (N K-line at 0.384 keVSI1). EDX 
spectra of these samples show that the 3D GNS core material provides major contribution to 
EDX signals, and the modifications do not provide statistically-sufficient changes to the 
intensities of observed EDX lines. 

The results of XPS characterization (summarized in the Table SI1) of neat 3D GNS 
indicate the dominant presence of carbon (above 90% of contents), 6.8% of oxygen, and 1.8 % 
of nitrogen. In modified samples, XPS spectra reveal clearly increased quantities of nitrogen in 
the samples after modification with TCNEO: the monitoring of relative intensities of C1s (XPS 
band location around 285 eVSI2 and N1s XPS lines (around 400 eVSI2) show a notable increase 
in nitrogen concentration from ~1.8% to ~3.9% after the Modification 1 (TCNEO 
modification, MOD1), and a return to an intermediate value of ~2-3% for nitrogen after the 
following hydrolysis (Modification 2, MOD2). 

 
 
 
 
 



Table SI1. Concentrations of carbon, oxygen, nitrogen, and the distribution of observed variants 
of carbon bonding in 3D GNS samples before and after modifications, retrieved from XPS 
spectra. 

 
 

 
 The high-resolution XPS spectra of C1s peakSI1 are shown in the Figure SI3. The main 
peak due to graphitic carbon at 284.4 eV is larger for both functionalized samples. Different 
types of carbon oxides observed at 287 eV (C-O), 288 eV (C=O), 289 eV (COOH) also cause a 
peak due to secondary carbon at 285.5 eV. The total amount of surface oxides is smaller for 
functionalized samples. The peak due to nitrogen doped carbon is also observed at 286-287 eV. 
 

 
 
Figure SI3. The high resolution XPS spectra of C1s peak for a) 3D GNS before modifications, b) 
3D GNS after TCNEO modification and following hydrolysis (MOD2), and c) 3D GNS after 
Modification 3 (MOD3 material).  
 
Raman spectroscopy results 
 

Raman spectroscopy provided the most informative feedback in characterization of 3D 
GNS and monitoring of modifications introduced to 3D GNS at different stages of chemical 
treatment. For a better adjustment of reaction parameters and observation capabilities of 
modification-introduced changes, we performed the same set of reactions with a sample of 
highly ordered pyrolytic graphite (HOPG, SPI-1 of SPI Supplies) 

 The results of Raman measurements of one of the HOPG samples before and after 
different stages of chemical treatments are shown the Figure SI4. The Raman spectra of 
untreated graphite (see the bottom black curve in Fig.SI4) show the typical set of major lines: G-
line at 1582 cm-1, and the 2D line at about 2700 cm-1, and the 2D’ line at 3239 cm-1 (Refs.SI3-
SI5). After chemical treatment of our sample with TCNEO (modification 1, corresponds to the 
red curve marked as MOD1 in the Fig.SI4), the Raman spectra demonstrated significant 
modifications. The overall spectrum shows the appearance of a significant fluorescent 
background, and the appearance of distinct line at 2231 cm-1. This line is the well-known 



signature of C-N stretching modes, which indicates that the attached (in Modification 1) structure 
contains cyano-groups (Ref.43 of the main text). The observed fluorescent background indicates 
significant modification of electron band structure in TCNEO-functionalized highly ordered 
pyrolytic graphite (HOPF) surface.  

The second modification (MOD2), the hydrolysis, leads to the replacement of N atoms by OH 
groups. The Raman spectra after Modification 2 show the disappearance of C-N line, and almost 
complete disappearance of fluorescence (see Fig. SI4, blue curve marked MOD2). As one can 
see, modification 2 definitely happens, and changes the properties of HOPG-based material 
again. 

Finally, the Modification 3- the attachment of (S)-(+)-pyrrolidinemethanol, modifies 
Raman spectra again. After this modification (the green curve marked MOD3 in the Fig.SI4), the 
spectra show the appearance of a higher fluorescence signal, and the lines corresponding to 
vibrations of attached pyrrolidinemethanol molecules, in particular at 320 cm-1, 383 cm-1 (C-C-C 
bending mode), 501 cm-1 (CO torsion), 629 cm-1 (ring deformation), 720 cm-1 (NH out of plane 
bending), and at 1020 cm-1 (CO stretching mode)SI6. Overall, the Raman spectra indicate the 
successful modification of HOPG at every stage of functionalization process. 



	
 Figure SI4. (Color online) Raman spectra of highly ordered pyrolytic graphite (HOPG) at the 
different stages of modification. The spectra of a graphite sample taken before (bottom curve, 
black color, marked HOPG) and after different stages of modifications marked as MOD1, 
MOD2, and MOD3 accordingly (see the article text for details). For the discussion of new lines 
appearing in the spectrum after modification 3 (shown in the inset) see the text. The excitation 
wavelength λexc=532 nm. 
 
 
	
	
	



	
Figure SI5. Raman spectra of 3D GNS before (black curve, marked 3D GNS) and after 
modification with TCNEO (modification 1, marked MOD1, red curve), and after following 
hydrolysis and attachment of (S)-(+)-2-pyrrolidinemethanol (modification 3, MOD3, green 
curve). Excitation wavelength: 532 nm. 
 
The Raman spectra of unmodified 3D GNS (Fig. SI5, black curve, marked 3D GNS) also 
demonstrate the major carbon Raman bands: D, G, 2D, 2D’, as well as the combination D+G 
band. The band at 1340-1350 cm-1 (D-band)SI3-SI5, SI7 occurs in Raman spectra because of reduced 
symmetry of material (comparing to uniform HOPG or graphene) due to defects and crumpling 
of graphene sheets. The rather broad band G around 1582 cm-1 corresponds to the E2g carbon 
vibration mode. The high frequency bands near 2900-3000 cm-1 are the second order and 
combination lines located close to 2D, 2D’, and D+G combination frequenciesSI5 (see Fig.SI5). 
Modifications of 3D GNS lead to the results similar to that for HOPG. The modification 1 
(attachment of carbonyl ylide) leads to the appearance of the C-N line, and to some fluorescence 
(red curve MOD1 in the Fig.SI5), the modifications 2 and 3 remove the C-N line, add (barely 
detectable in the case of 3D GNS) lines corresponding to the attached (S)-(+)-



pyrrolidinemethanol (green curve MOD3 in the Fig. SI5), and change fluorescent background in 
Raman spectra. Overall, the behavior of changes in Raman spectra is rather similar to that for 
HOPG.  

 
 
 Flush chromatography and polarimetry analysis.	

 
The construction of flash chromatography pipette column is shown in the Figure SI6. The 

glass pipettes (inner diameter of ~8mm) were filled with stationary phase material (modified 3D 
GNS mixed with unmodified graphite powder). The solutions of ibuprofen and thalidomide in 
hexane with addition of ethylacetate (100 µl of ethylacetate per 1 ml of hexane for initial 
dissolving of ibuprofen and 200 µl of ethylacetate per 1ml of hexane for initial dissolving of 
thalidomide, accordingly), were loaded from the top of pipette. The transport of solutions 
through pipettes was supported by nitrogen flow with pressure slightly above 1 atm. The product 
of separation was collected after equal time intervals starting from the beginning of separation 
process.  
	

	
	
Figure SI6. The construction of pipette column. A cotton ball at the bottom of pipette was used 
as a stopper for our carbon-based separation material. The ibuprofen and thalidomide samples 
were loaded to the column from the top, and the fractions passed the column were collected in a 
drop-by-drop way at the bottom of column. 
 
 



As an example of used procedure, we will describe all the steps of polarimetric test for MOD3 
and MOD1 3D GNS CSPs with ibuprofen. Similar procedure was used in case of thalidomide.  

In the pipette separation experiment with the MOD3-stationary phase and ibuprofen, we 
performed collection and separation 5 times, injecting every time 0.5 mg of racemic ibuprofen 
dissolved in 0.5 ml of hexane with 50 µl of ethylacetate. The visualization of ibuprofen presence 
in collected samples revealed two times delay periods when ibuprofen was coming out of pipette 
column (see Figure SI7). The first appearance of ibuprofen was shortly after injection (maximum 
of ibuprofen in the 3rd-6th drops from the pipette the Figure SI7, approximate drop volume 54 µl), 
subsequently, an observed visual gap was noted where there was a lack of ibuprofen , and finally 
an observed second-time interval of an ibuprofen signal was noted using flash chromatography 
plate visualization under UV. We repeated the flash chromatography experiment with racemic 
ibuprofen solution 5 times in order to collect sufficient amount of material after pipette 
separation for polarimeter experiments. The collected fractions of ibuprofen-hexane solution 
after flash chromatography separation were dried from hexane, and then dissolved in 10 ml of 
hexane for polarimetric measurements. The dry quantities of material after pipette separation 
were 4.7mg for the first fraction, and 4.2 mg for the second, delayed fraction of ibuprofen. 

 
	

	
Figure SI7. Visualization of separation results of racemic ibuprofen in pipette column filled with 
mixture of three-steps-(S)-(+)-2-pyrrolidinemethanol modified 3D GNS (MOD3) with graphite 
powder (detected via quenching of fluorescence on fluorescent visualization panel). One can see 
the two time periods when ibuprofen comes out of column: in the drops 3-6, then pause, and then 
in the drops 8-12, with peak concentration in the 9th drop.  
	
	

The polarimetry test of separated material (see Fig.SI8) revealed the nature of the 
observed two peaks (two fractions) in separation: the first one was the material demonstrating 
positive angle of polarization rotation (i.e. S-(+)- ibuprofen- rich material), and the second peak 
of concentration belongs to negative angle rotating material (i.e. R-(-)-ibuprofen-rich material). 



As one can see, the 3D GNS modified with (S)-(+)-2-pyrrolidinemethanol did not cause 
significant delay to S-(+)-ibuprofen but slowed down propagation of R-(-)-ibuprofen. S-(+)-
ibuprofen was eluted first, and the R-(-)-ibuprofen elution was delayed by the column material.  
	

	
Figure SI8. Polarimetric results (polarization rotation) for the separation experiment of ibuprofen 
racemate in pipette column filled with (S)-(+)-2-pyrrolidinemethanol -modified 3D GNS 
(MOD3) mixed with graphite powder, (a)-for the first concentration peak (drops 3-6 of the 
Figure SI6), and (b) for the second concentration peak (drops 8-12 of the Figure SI7).  
 

As a reference, we performed polarimetry tests of commercial ibuprofen enantiomers of 
comparable quantities. These results are illustrated in the Figure SI9. The observer significant 
difference of optical rotation between our separation results in pipette column for a racemic 
mixture of ibuprofen (Fig.SI8), and rotation angles demonstrated by comparable quantities of 
pure enantiomers (Fig. SI9), simply indicates on incomplete separation of enantiomers in our 
pipette separation tests. 
	

	
Figure SI9. The optical rotation results for (a) solution of commercial S-(+)-ibuprofen in hexane, 
(b) solution of commercial R-(-)-ibuprofen in hexane. Concentrations of compounds in this test: 
S-ibuprofen 3.8mg in 10 ml of hexane, R-ibuprofen 3.2 mg in 10ml of hexane. 
	

 
The stationary phase made of TCNEO-modified 3D GNS (Modification 1) mixed with graphite 
powder in the same proportion as in experiments with (S)-(+)-2-pyrrolidinemethanol -modified 



3D GNS, also demonstrated separation of ibuprofen enantiomers. We have found, that TCNEO-
modified GNS separates ibuprofen in rather similar way (see Figure SI10), similarly to 
separation experiment with MOD3 stationary phase, for the MOD1 stationary phase we also 
observed two peaks of concentration (corresponding to the two ibuprofen enantiomers), and, 
again, the S-(+)-ibuprofen was propagating through stationary phase faster than R-(-)-ibuprofen.		
In this experiment, the first –coming fraction of ibuprofen in amount of 3.8 mg, dissolved (for 
polarimetry) in 10ml of hexane, demonstrated positive 0.008 deg rotation, and the second 
fraction, 3.2 mg of ibuprofen, dissolved in 10 ml hexane, gave negative 0.003 deg rotation of 
polarization. For this experiment we collected material from the sequence of 9 pipette 
separations, injecting ~0.05mg of racemic ibuprofen dissolved in 0.7 ml of hexane in each 
separation. Small observed angles of rotation instead of higher numbers (estimated magnitude of 
rotation for this amount of pure enantiomer is ~0.013 deg), again, indicate incomplete separation 
in our flush chromatography experiment. 	
	

	
Figure SI10. Polarimetry results (polarization rotation) for the separation experiment of 
ibuprofen racemate in pipette column filled with TCNEO-modified 3D GNS (MOD1- material) 
mixed with graphite powder, (a)-for the first concentration peak, and (b) for the second 
concentration peak.  
 
Stability test of MOD1 material 
	
Silica-based chiral columns are sensitive to pH of solvents/eluents of the mobile phase. Even 
stable immobilized silica-based chiral columns are deactivated under extreme conditions of 
pH<2 or pH>8. The stability of our MOD1 material is higher. During functionalization, the 
MOD1 material passes through stages with pH changing in the range from 2 to 10. In our 
stability demonstration experiment, we show the survival of chiral separation capability of 
MOD1 material after a wash in 5% aqueous solution of nitric acid (pH<1). Such a wash would 
deactivate any silica-based chiral column. 

In this test, we used 400mg of MOD1 3D GNS material mixed with graphite powder 
(50:50 vol%), and packed it into two pipettes of equal size and geometry (glass pipettes identical 
to the one shown in Figure SI6). One pipette (with 200mg of MOD1-graphite mixture) was used 
as reference, and the other 200mg MOD1-graphite mixture-filled pipette was treated with 5% 
aqueous solution of HNO3, such that the CSP MOD1 material was left completely filled with 
nitric acid for 15 minutes. Then, the nitric acid was washed out from tbe material with water. We 
kept the water running through the pipette until the pH of the outgoing water became completely 



neutral. Next, the material in the pipette was washed with 7 ml of acetone, then with hexane, and 
then dried by compressed air. Then, both pipette columns were saturated with hexanet and used 
for separation of a racemic mixture of ibuprofen. In these separation experiments, we used 
0.2mg/ml solution of racemic ibuprofen in hexane.  

Using the separation procedure identical to that described above, in the reference pipette 
column (not treated with nitric acid) we observed, as expected, two separation peaks. After four 
0.5 ml loads, we collected 1.7 mg of separated material in the first peak, and 1.5 mg of separated 
material in the second peak. For polarimetry, we dissolved the collected fractions in 9 ml of 
hexane each, in order to have enough volume for complete filling of the polarimeter cell. The 
polarimetry results for these fractions are shown in Figure SI11, a and b. As one can see, we 
observed the predictable chiral separation of ibuprofen, similar to our previous observations.  

The same procedure was repeated with the second MOD1 material-filled pipette column, 
which was treated with nitric acid. With this column, we ran two 0.5ml loads of ibuprofen 
solution, also observed two concentration peaks, and collected 1.2 mg of material for the first 
concentration peak, and the same amount for the second peak. For polarimetry, we used a 
smaller volume of hexane (7 ml) to dissolve collected fractions, because the first experiment 
demonstrated that this volume should be sufficient for the polarimetry cell. The results of optical 
rotation measurements after separation by nitric acid-treated MOD1-based stationary phase 
material are shown in Figure SI11, c, and d. Very clearly, the separation was successful, the 
column passed the HNO3-test, and was not deactivated by the very aggressive (pH<1) acid. 

	
	
	
Figure SI11. Polarimetry results (polarization rotation) for the separation experiment of 
ibuprofen racemate. (a),(b): reference MOD1-material filled pipette, (c),(d): for the MOD1-filled 
pipette after treatment of CSP material by 5% aqueous solution of nitric acid (pH<1). Here, (a) 
and (c) correspond to the first concentration peak, and (b) and (d) to the second concentration 
peak (see the text for details).	
	
HPLC experiments 
	

In HPLC experiments, where we used standard HPLC chromatographic setup (Agilent 
1200) allowed us to make quantitative evaluation of separation ability of our materials. 
With this	 standard HPLC setup, we used the housing of a commercial column filled with our 
materials. The HPLC column attached to the chromatograph is shown in the Figure SI12,a. The 
photo of the entire HPLC setup during separation experiments is shown in the Figure SI12,b. The 



preliminary tests of HPLC columns filled with modified 3D GNS material revealed significant 
problems related to self-packing of our 3D GNS material. We solved these problems using 
mixture 3D GNS materials with unmodified commercial graphite powder. We packed the 
column with 500mg of 50:50% volume amounts mixture of 100mg of modified 3D GNS and 
400mg of commercial graphite powder with particle size <150 µm (Sigma Aldrich 496588). Use 
of such mixture with graphite powder significantly reduced density fluctuations of stationary 
phase material caused by flow of liquid.  
	

	
 
Figure SI12. HPLC column (a) and the HPLC chromatograph with attached 3D GNS-based 
stationary phase-filled column during separation experiment (b).  

 
 The same proportions of 3D GNS material and graphite powder were used in our pipette 

experiments. The body of a commercial separation column we used in our HPLC experiment had 
the material chamber with diameter 6 mm and length 85 mm. A standard porous metallic 
membrane was used for preventing migration of particles of stationary phase from leaking and 
blocking the exit/output tube tubes.  

The reference point in our separation experiments was the test of unmodified 3D GNS 
material. This material, mixed 50:50% volume amounts with graphite powder (for avoiding self-
packing), did not demonstrate any separation of enantiomers in pipette experiment. The fact of 
no separation has been confirmed in HPLC experiment (see Figure SI13): both S and R 
ibuprofen (dissolved in hexane) propagate through the column with unmodified material with 
similar time delay. The racemic mixture of S-(+)- and R-(-)- ibuprofen was giving a single peak 
in chromatogram, showing no separation.  
	

	



 
Figure SI13. The HPLC chromatograms of commercial S-(+)-ibuprofen (2.5 mg/ml solution of 
S-ibuprofen in hexane) and R-(-)-ibuprofen (similar concentration as for S-(+)-ibuprofen), and of 
racemic ibuprofen in the experiment with column filled with unmodified 3D GNS mixed with 
graphite powder. HPLC parameters: injection volume: 50 µl, draw speed: 200 µl/min, eject 
speed: 200 µl/min, detection wavelength: 254 nm, pump pressure: 10.34 bar. 
	

Separation experiments with modified 3D GNS gave very different results. We expected 
the highest separation efficiency from the 3D GNS material which passed all three stages of 
modification: the material with attached chiral molecule of (S)-(+)-2-pyrrolidinemethanol. The 
idea of making this material is rather standard, this material is conceptually similar to that for 
commercial chiral separation materials, for example silica particles functionalized with 
cyclodextrin molecules. Indeed, our separation test in pipette column, loaded with (S)-(+)-2-



pyrrolidinemethanol-modified 3D GNS mixed with graphite powder, demonstrated successful 
separation.  

As already mentioned, the polarimetry test of separated material (see Fig.SI8) revealed 
the nature of the observed two peaks (two fractions) in separation: the first one was the material 
demonstrating positive angle of polarization rotation (i.e. S-(+)- ibuprofen- rich material), and 
the second peak of concentration belongs to negative angle rotating material (i.e. R-(-)-
ibuprofen-rich material). As one can see in Fig.SI8, the 3D GNS modified with (S)-(+)-2-
pyrrolidinemethanol did not cause significant delay to S-(+)-ibuprofen but slowed down 
propagation of R-(-)-ibuprofen. S-(+)-ibuprofen was coming first, and the R-(-)-ibuprofen was 
delayed by the material of column.  

In parallel with polarimetry tests with separation of ibuprofen in the pipette column, we 
performed NMR measurements of the separation products. While the only possible compound 
which we would expect as the source of negative polarization rotation angle (Fig.SI8,b) is R-(-)-
ibuprofen, the positive rotation angle (Fig. SI8,a) may come not only from S-(+)-ibuprofen, but 
also from the (S)-(+)-2-pyrrolidinemethanol attachment to 3D GNS, caused by its physical 
detachment. For NMR measurements, we used the material after polarimetry measurements, 
evaporated hexane out, and then re-dispersed solid materials in 0.7 ml of deuterated acetone. The 
NMR results show that the only compound detected is ibuprofen (see Figure SI14), i.e. none of 
modifying molecules were desorbed from the surface of 3D GNS stationary phase. 
	

	
 

Figure SI14. The NMR probing test of separated ibuprofen (the deuterated acetone solvent signal 
is normalized, see text for details). The NMR spectra of commercial S-(+)- and R-(-)-ibuprofen 
are shown for reference.  
	



	
The HPLC experiments with the column filled with (S)-(+)-2-pyrrolidinemethanol -

modified 3D GNS material (our MOD3), mixed with graphite powder, confirmed our previous 
observations. In the experiment with commercial enantiomers, S-(+)-ibuprofen was passing the 
column faster than R-(-)-ibuprofen had a longer retention time (See Figure SI15). 
	
	

	
Figure SI15. The HPLC curves obtained in the experiments with commercial S-(+)- and R-(-)-
ibuprofen (2.5 mg/ml solution in hexane) with column filled with (S)-(+)-2-pyrrolidinemethanol 
-modified 3D GNS (50:50 Vol. % mixture of MOD3 3D GNS and graphite powder). Injection 
volume: 50 µl, draw speed: 200 µl/min, eject Speed: 200 µl/min, wavelength: 254 nm, pressure 
7.26 bar. 
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