
 

Synthesis of Silica Modified 
with Corannulene Ligands 

Attempts to create an HPLC column capable of 
separating fullerenes and hydrogenated fullerenes 

Piotr Jablonski 

  

 
 
Student  

Master Thesis 45 ECTS 

Report passed: 30 June 2016 

Supervisors: Dan Johnels, Knut Irgum 

Examiner: Bertil Eliasson 

 



 



 

 

Abstract 

Porous silica functionalized with corannulene attached to 6 and 8 carbon alkyl chain 

linkers was synthesized by the CuAAC click reaction. The synthesis was performed in 

three steps comprising activation of the silica and attaching (3-azido-propyl)-

trimethoxy-silane to the silica surface. The azide group bounded to the silica was 

used to perform the click reaction with a corannulene derivative having a linker with 

a terminal acetylene functionality. The synthesized materials were characterized by 

diffusive reflectance Fourier transform spectroscopy, 13C magic angle spinning 

nuclear magnetic resonance and X-ray photoelectron spectroscopy. Three HPLC 

columns were packed, two with attached corannulene and one with unmodified silica 

to study the influence of the functionalization of the silica. The ability to use the 

synthesized materials as HPLC stationary phases in order to separate fullerenes 

derivatives was investigated by chromatographic evaluation. A comparison of the two 

columns is also presented. 
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1. Introduction 

In 1985, the US-British team of scientists led by Professor Harold W. Kroto was investigating 

the structures formed from graphite at very high temperatures. Mass spectrometric analysis 

showed a high content of highly persistent composition with a m/z ratio of 720. So there was 

the discovery of another allotropic form of carbon. It turned out to be a molecule composed 

of 60 carbon atoms (the mass of 12C is by definition exactly 12 and 60×12 = 720), forming a 

closed structure resembling the shape of a soccer ball or the geodesic domes designed by 

Richard Buckminster Fuller. Therefore, the C60 molecule has become known as “Buckmins-

terfullerene”, the parent compound of a new family of molecules called fullerenes (Figure 1)1. 

Fullerenes are black solids with a metallic luster. They have superconducting and semicon-

ductor properties, depending on the number of carbon atoms. Their chemical properties are 

similar to conjugated aromatic hydrocarbons, although the reactions usually require more 

drastic conditions. They undergo, inter alia, the reaction of Friedel-Crafts addition. One uni-

que property is the possibility of harboring atoms and ions inside of them. Fullerenes are 

poorly soluble compounds, not soluble in polar solvents and preferably (though not too well) 

soluble in aromatic solvents such as benzene or toluene 1. 

 
Figure 1. Models of fullerenes – on the left side C60, on the right – C70. 

Hydrogenated fullerenes – fulleranes – are special sorts of hydrocarbons derived from fulle-

renes. Their unsaturations could be partly, or at least in theory, fully saturated by hydrogen. 

The presence of hydrogen changes the chemical and physical properties compared to ordi-

nary fullerenes. Due to these changes, fulleranes can undergo substitution reactions instead 

of additions to the double bonds. This property opens many opportunities to modify fullere-

nes and form various derivatives. Fullerenes can be hydrogenated with high pressures of H2 

and high temperatures. When the fullerenes are hydrogenated, they gain different properti-

es, a distorted shape (Figure 2), and can form many isomers 2.  
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Figure 2. Model of the main isomer of hydrogenated fullerene C60 with 18 hydrogens. 

One of the future applications of fullerenes could be low-pressure hydrogen tanks 3. Since 

hydrogenation of fullerenes is thermodynamically preferred, and the hydrogen storage po-

tential of C60 is large, and they could for instance be used in modern fuel cells as a hydrogen 

adsorbing medium in hydrogen tanks. The fullerenes derivatives are also very promising in 

medicine applications. For instance, a computer simulation has shown that the HIV active 

enzyme has a shape of cylinder open at both ends, with a size slightly larger than the C60 

diameter. The inner part of this cylinder is almost completely filled with hydrophobic amino 

acids, except two aspartic acid residues forming the active site of the enzyme. Due to the 

hydrophobic properties it is possible to have van der Waals interactions between C60 and the 

active centrum of the enzyme. C60 can thereby penetrate to the inside of the cylinder and 

block the activity of the HIV virus. After the development of water-soluble fullerene 

derivatives, this was confirmed in experiments. It turned out that the fullerene blocks the 

active enzyme of HIV already at low concentrations 4. 

Corannulene is a polycyclic aromatic hydrocarbon, constructed of a cyclopentadienyl ring 

fused with 5 benzene rings. Due to its shape and structure (Figure 3), corannulene can 

interact by the π electrons with fullerenes 5. The possibility to apply corannulene derivatives 

in different circumstances started by the development of large scale production and 

modification procedures by Siegel in 2011 6.  

Figure 3. Model of the corannulene. 

The Copper(I)-Catalyzed Alkyne-Azide Cycloaddition (CuAAC) click reaction is a reaction be-

tween an azide and an acetylene giving a triazole ring in a cycloaddition. The reaction utilizes 

a copper catalyst to increase the reaction speed by a factor of 107 (as shown in Ref. 7) as well 

as greatly increasing the yield of the reaction. The CuAAC click reaction was used for 

attachment of the corannulene derivatives in this work, due to the stability of the formed 

triazole ring and due to the efficiency of the click reaction. 
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The first step in this project work was to synthesize a suitable amount of modified silica, and 

create efficient and repeatable procedure of synthesis. The second step, after successful 

synthesis of the functionalized silica, was to prepare HPLC columns, filled with the 

corannulene modified silicas. After this step, prepared column was tested and characterized. 

During the project work, to keep quality and efficiency, analytical techniques such as: 1H and 

solid state 13C NMR, XPS and FT-IR Spectroscopy was performed. 

1.1  Aim of the diploma work 

The aim of the study was to produce a modified silica for HPLC columns that could be used 

to separate fullerenes derivatives and hydrogenated fullerenes. The reason for this topic is 

that fullerenes are an important class of compounds in chemistry and can have a lot of 

different uses. The problem is that the cost of production of pure fullerene derivatives is very 

high. Production of fullerene mixtures is, on the other hand, much cheaper, due to this fact a 

cost-efficient tool capable of purifying mixed fullerenes in bulk quantities is very desirable. 

As mentioned above, fullerenes can be hydrogenated with high pressures of H2 and with high 

temperatures. The hydrogenated fulleranes gain different properties, distorted shapes, and 

can form many isomers 8. These isomers are very hard to separate and cannot be separated 

efficiently by methods available on the marketplace today. Potentially, corannulene can be 

used to form host-guest interactions with fullerenes, and by using corannulene derivatives 

attached to silica, fullerenes derivatives can possibly be separated chromatographically 9. 
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2. Popular scientific summary including social and ethical 

aspects 

2.1  Popular scientific summary 

Modified porous silica is commonly used as filling materials in liquid chromatography 

columns, used for separation of many different compound mixtures. Good examples of 

application of liquid chromatography columns are the purification of drugs as well as 

determination of the purity or pollutants in food industry or environmental samples.  The 

columns prepared in this study were developed to separate compounds known as fullerenes. 

Fullerenes are relatively new forms of carbon, with many interesting properties, such as high 

physical resistance. When fullerenes are hydrogenated, they gain different properties, a 

distorted shape and many isomers can be formed. One of the possible future application of 

modified fullerens is as HIV drug. Imagine that the HIV active enzyme is like an open 

cylinder with a diameter slightly larger than the diameter fullerene C60. Specially modified 

fullerenes penetrate into the inside of enzyme and cause its obstruction. When the HIV 

active enzyme is blocked, virus is on a diet and cannot duplicate its cells. One big problem of 

fullerene production is that mixtures are often formed. By use the potential of corannulene 

modified silica we can hopefully solve this problem and in an effective way obtain pure 

fullerenes or different products of their hydrogenations. 

2.2  Social and ethical aspects 

Fullerenes have many different future applications in medicine or high tech industry. 

Development of new methods for the separation and purification of fullerenes can open new 

doors for the application of fullerene derivatives. 

The synthetic procedures considering Green Chemistry aspects, such as use of organic 

solvents in minimum volume and catalysts increasing the efficiency of the reactions were 

applied. During the project work, no tests on animals were carried out. 
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3. Experimental  

The reaction procedures applied were partly based on previous experiences and terms of 

optimization from the following summer work project 10 and bachelor thesis of Orre 11.  

3.1  Substitution of (3-chloropropyl)(trimethoxy)silane with sodium azide 

NaN3 (2.68 g; ≥ 99 %, Fisher Scientific) was added to a 250 ml round bottom flask, filled 

with 200 ml of dry DMF. (3-Chloropropyl)(trimethoxy)silane (5 ml; ≥ 97 %; Sigma-Aldrich) 

was added to the flask, with ~ 20 mg KI as catalyst 12. The solution was then stirred overnight 

at 110°C under nitrogen atmosphere. The reaction was stopped, and product was separated 

by liquid-liquid extraction with diethyl ether (ACS reagent, anhydrous, ≥99.0% Sigma-

Aldrich). The extract was washed thrice with water and once with brine. The solution was 

then dried using MgSO4 and concentrated by using a rotary evaporator. The yellowish vis-

cous liquid (3-azidopropyl)(trimethoxy)silane was collected with yield over 90% (5.1 ml) and 

examined using 1H NMR spectroscopy (see section 4.1). 

 

Figure 4. Reaction scheme of substitution the azide group onto (3-chloropropyl)(trimethoxy)silane. 

3.2  Activating the porous silica 

Kromasil silica (3 g; 200 Å, particle size 5 μm) was placed in an E-flask, and 20 ml of 1 M 

HCl was added and allowed to react for one hour. The mixture of silica and acid was then 

filtered on a glass filter and washed twice with deionized water and once with methanol. The 

silica was dried overnight on a heating plate at 110°C under nitrogen atmosphere. 

Figure 5. Reaction scheme of breaking oxygen bonds on silica surface by allowing it to react with HCl. 

3.3  Attaching the azide silane to silica surface 

Activated silica (0.5 g) of was placed in a 25 ml round bottom flask filled with approximately 

1 ml of DMF. (3-Azidopropyl)(trimethoxy)silane (0.59 ml) was added to the flask. The heat-

ing plate was placed on shaking table (speed set to 190 rpm) and allowed to react at 110 °C 

for 24 hours under a nitrogen atmosphere 13,14. The product was then filtrated on a glass 

filter, washed twice with deionized water, and once with methanol. The silica with the attac-

hed azide silane was then dried overnight on a heating plate at 110°C under nitrogen atmo-

sphere and analyzed by XPS, 13C NMR and FT-IR (see sections 4.2 - 4.6). 

 
Figure 6. Reaction scheme of attaching (3-azidopropyl)(trimethoxy)silane to the silica surface. 
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3.4  Click reaction on silica with attached azide silane 

3-Azidopropyl modified silica (0.5 g) was placed in a 25 ml round bottom flask filled with ca. 
1 ml of DMF. To this was added 100 mg of corannulene with a 6 carbon chain linker with an 

ethynyl group. Copper (II) sulfate and sodium L-ascorbate were added in catalytic amounts 

to the mixture, which was allowed to react at 60 °C for 24 hours under nitrogen atmosphere 

on a shaking table (speed set at 190 rpm). The reaction was stopped by adding 25 ml of 0.1 M 

EDTA. The product was then filtrated on a glass filter, washed twice with deionized water 

and once with methanol 13,14. The silica was then dried overnight on a heating plate at 110°C 

under a nitrogen atmosphere and analyzed by XPS, FT-IR, and solid state 13C NMR. An 

identical reaction procedure was applied to corannulene derivative with an 8 carbon chain 

linker with a terminal acetylene. 

Figure 7. Scheme of click reaction on functionalized silica surface with azide silane and corannulene derivative. 

Corannulene derivatives with ω-alkyne chain linkers were provided through cooperation 

with Prof. Jay S. Siegel’s group from School of Pharmaceutical Science & Technology at Tian-

jin University, China 6 and used in the click reaction with the 3-azidopropyl silica. 

Several click reactions with phenyl acetylene as a model substance were done before using 

corannulene in order to perform optimal conditions during the synthesis. The first reaction 

was performed in the following way: 

3-Azidopropyl modified silica (0.5 g) was placed in E-flask with 15 ml of dry DMF. To this 

was added 0.04 ml of phenyl acetylene. Copper (II) sulfate and sodium L-ascorbate were 

added in catalytic amounts to the mixture and the solution was mixed by swirling. The 

solution was then placed under N2 atmosphere and left for 24 hours at 50°C. The solution 

was then filtrated using glass filter and washed with water and ethanol. 

The last performed reaction with use of phenyl acetylene was done with four times larger 

concentration of substrates and at the same conditions as above reactions with corannulene. 

The silicas were then analyzed using XPS (see section 4.3). 

Figure 8. Scheme of click reaction on functionalized silica surface with azide silane and phenyl acetylene. 
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3.5 FT-IR Spectroscopy 

FT-IR spectroscopic analyses were performed according to Ref 15. Approximately 10 mg of 

dry silica powder was manually ground with approximately 390 mg KBr (FT-IR spectroscopy 

grade, Merck, Darmstadt, Germany) in an agate mortar. FT-IR spectra were recorded in dif-

fuse reflectance mode under vacuum conditions (4 mbar), using a Bruker IFS 66v/S spectro-

meter (Bruker Optik GmbH, Ettlingen, Germany), at spectral resolution of 4 cm-1 over the 

range of 400–4000 cm-1. Pure KBr was used as background. Data in the spectral region 400 

to 4000 cm-1 were used in the analysis. Spectra were baseline corrected using the built-in 64-

point rubberband baseline correction option of the OPUS software (Ver. 5.5; Bruker Optik). 

3.6  1H NMR, liquid and solid state 13C NMR  

The 13C NMR spectra were obtained by using a Bruker AVANCE III 500 MHz spectrometer, 

equipped with 13C CP MAS probe. Four millimeter zirconium oxide MAS rotors were filled 

with modified silica samples and then spun at 11.5 kHz. The 13C spectra were acquired with 
1H 90° pulse, followed by a cross polarization step using a 13C spin lock field strength of 55 

kHz and a ramped 1H field strength (from 41 to 82 kHz) during 1.5 ms. 1H decoupling using 

the Spinal64 sequence with decoupling field strength of 86 kHz was used during the 2.7 ms 

acquisition time. The FID signal was collected with 1.5 s relaxation delay and 4500 scans. 

Adamantane was used as an external chemical shift reference with signals set to 38.5 and 

29.45 ppm. 

The 1H NMR spectra were obtained using a Bruker 360 MHz DRX spectrometer, with classic 

settings for 1H experiment and 16 scans. CDCl3 (99.8 atom-% D, Acros) was used as solvent. 

The 13C NMR spectre in liquid was obtained using a Bruker 600 MHz Avance III 

spectrometer, with classic settings for 13C experiment. CDCl3 (99.8 atom-% D, Acros) was 

used as solvent. 

3.7 XPS  

The X-Ray Photoelectron Spectroscopy (XPS) was performed on modified silica samples 

with a Kratos Axis Ultra DLD electron spectrometer using monochromatic Al Kα source, with 

power set at 120 W. Analyzer pass energy were set to 160 eV for acquiring wide spectra, and 

a pass energy of 20 eV for individual photoelectron lines. A spectrometer charge neutralizat-

ion system was used to stabilize the surface potential. The binding energy (BE) scale was re-

ferenced to the C 1s line of aliphatic carbon set at 285.0 eV. The spectra were processed with 

the Kratos software. Modified silica samples were carefully pressed by hand using a clean Ni 

spatula into a pellet directly on the surface of the sample holder. 

3.8  Column packing  

HPLC metal columns from Isolation Technologies (Middleboro, MA, USA), 40 mm × 2.1 mm 

i.d. were packed with modified silica with 6 and 8 carbon chain linker corannulene, as well as 

with the raw Kromasil silica. The packing was done by using a Knauer (Berlin, Germany) air-

driven pneumatic pump, operated at a terminal packing pressure of 50–60 MPa with toluene 

(VWR AnalR Normapur) as solvent.  

3.9  Chromatography tests 

The HPLC tests were done using a Shimadzu (Kyoto, Japan) LQ LC-20AD pump, a Thermo 

Separation Products (Piscataway, NJ, USA) SC 100 UV detector set to 312 nm wavelength 

and a Rheodyne (Rohnert Park, CA, USA) 7010 injector with a 2 µl stainless steel loop. The 

column was thermostatted at 25 °C by a Jetstream 2 Plus Column Thermostat (Industrial 

Electronics, Langenzersdorf, Austria). During the HPLC tests, metal tubings were applied to 

connect each element of the chromatography system. Toluene (VWR, AnalR Normapur) and 
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a 1:1 (v/v) mixture of toluene and acetonitrile (Millipore, HPLC grade) were used as eluents. 

Clarity Chromatography Station software for Windows 2.3.0.148 from DataApex (Prague, 

Czech Republic) was used to record the chromatograms. 

The tests substances, fullerenes C60, C70, C60Hx and C70Hx with different hydrogenation level 

were provided through a cooperation with prof. Alexandr Talyzin from the Department of 

Physics at Umeå University, Sweden 16. The various fullerenes were dissolved in toluene at an 

approximate concentration of 0.05 mg/ml.  
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4. Results and Discussion  

4.1  1 H NMR of reaction of substitution product  

The first step in the modification procedure of the porous silica was an activation, in order to 

break the siloxane bonds which can be present on the silica surface after annealing. Above 

mentioned bonds were broken by using acidic hydrolysis by hydrochloric acid. The activation 

was intended to create silanol functional groups to which (3-azidopropyl)(trimethoxy)silane 

can be easily bound. After the acidic hydrolysis step, the silica was washed with water and 

methanol in order to remove remaining hydrochloric acid. Afterwards the silica was dried on 

a heating plate under nitrogen gas to avoid of presence of any moisture in the sample. 

Reaction of the chloro group of (3-chloropropyl)(trimethoxy)silane with sodium azide was 

performed in order to prepare an activated silane with a terminal azide group that could be 

attached to the silica surface in the following step. The azide silane is rather easy to bind to 

the silica and the terminal azide is a preferred starting group in the CuAAC click reaction. In 

order to determine if reaction of substitution was successful, 1H NMR was performed on the 

obtained product. 

Figure 9 shows the 1H NMR spectrum for the starting material with peaks at 0.75, 1.9, and 

3.55 ppm. On the other hand Figure 10 shows 1H NMR spectra for the reaction product 

with peaks at 0.65, 1.65, 3.2, and 3.5 ppm. On Figure 9 it is easy to see, that signal at 3.55 

ppm is overlapping, whereas on Figure 10 – after reaction – the signal is split into two 

signals at 3.2 and 3.5 ppm. The reason for splitting signal is that the CH2 group bound to N3 

has shifted, giving the highest chemical shift of all CH2 signals. The below spectra show that 

the substitution reaction has occurred with satisfactory yield above 90%. 

 

Figure 9. 1H NMR spectrum obtained from (3-chloropropyl)(trimethoxy) silane, the substrate used in the 
substitution reaction. 
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Figure 10. 1H NMR spectrum obtained from (3-azidopropyl)(trimethoxy) silane, the product of the 
substitution reaction. 

4.2 XPS of silica functionalized with (3-azidopropyl)(trimethoxy)silane  

The (3-azidopropyl)(trimethoxy)silane was bound to the silica surface in order to perform 

the click reaction with the corannulene derivatives, which carried alkyl spacers with terminal 

acetylenes. After reaction of attaching azide silane, the silica was carefully washed, in 

sequence, with water and methanol in order to remove excess unreacted silane, which could 

otherwise have reacted in the next step with the corannulene derivatives during the click 

reaction. 

The silica was then dried overnight on a heating plate at 110 °C under nitrogen gas and 

analyzed by XPS and FT-IR. Table 1 indicates the presence of nitrogen and carbon signals 

on the silica surface by XPS, showing that azide silane was successfully attached to the silica. 

Table 1: Data from XPS performed on (3-azidopropyl)(trimethoxy)silane bound to silica, showing the binding 
energies (BE) indicating in bold type from which element the signal comes from and to which atom it is bound to, 
as well as the relative atom concentration (AC) of each element in the sample surface. 

Line 
Azide on silica 

Assignment 
BE, eV FWHM, eV AC, atom-% 

C 1s 285.0 1.95 6.67 C-(C,H) 

 

286.7 1.75 3.29 C-O, C-N 

O 1s 532.7 1.6 56.16 SiO2 

 

534.3 1.7 2.46 Si-OH  

Si 2p 103.4 1.7 28.59 SiO2 

N 1s 399.1 1.9 1.68 N*-N-N* ? 

 

400.8 1.75 0.83 N-N*-N ? 

 404.9 1.7 0.34 NO2- ? 

After the successful attachment of azide silane to the silica had been verified, corannulene 

derivatives with six and eight carbon chain length linkers were used in the click reaction. The 

reactions were run with a minimum amount of solvent, to provide the highest possible con-

centration of the corannulene derivative reacting with the azide groups on the silica surface. 

The final products were washed with EDTA in order to remove the copper catalyst, and the 

absence of a signal from Cu in Tables 2-4 indicate successful removal of copper. 

The fully functionalized silicas were thereafter washed with water and methanol to remove 

the remaining solvent, unreacted corannulene substrate, as well as EDTA. The product was 

finally dried overnight on heating plate at 110 °C under nitrogen and characterized with XPS, 
13C solid state NMR and FT-IR. 
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4.3  XPS of click reaction products with phenyl acetylene 

In order to perform optimal click reaction conditions, as well as attaching azide silane to the 
silica, tests with phenyl acetylene as a model substance were performed. Table 2 show XPS 
data obtained from the first and the last of tested samples. The ratio between carbon and 
oxygen (describing coverage of the silica surface) increased from 0.4 in sample no. 1 to 0.56 
in sample no. 5. Followed differences were applied: higher temperature, continuous mixing 
(on shaking table), different reaction vessel and significantly lower volume of solvent. 
Performed experiment helped with setting optimal parameters and allowed to save 
corannulene substrates. 

Table 2: XPS data of the phenyl acetylene on silica with different reaction procedures, showing the bonding 
energies (BE) indicating in bold type from which element the signal comes from and to which atom it is bound to, 
as well as the relative atom concentration (AC) of each element in the sample surface. 

Line 
Phenyl acetylene on silica 1 Phenyl acetylene on silica 5 

Assignment 
BE, eV FWHM, eV AC, atom-% BE, eV FWHM, eV AC, atom-% 

C 1s 284.8 1.4 15.24 284.7 1.3 19.03 C-(C,H) 

 

285.9 1.75 6.44 285.9 1.55 6.57 C-O, C-N 

O 1s 532.7 1.45 49.32 532.7 1.35 43.38 SiO2 

 

534.6 1.6 0.81 534,0 2 1.83 Si-OH  

Si 2p 103.4 1.55 22.61 103.4 1.5 23.27 SiO2 

N 1s 399.5 1.2 1.87 399.5 1.3 2.11 N*-N-N* ? 

 

400.4 1.3 1.87 400.3 1.4 1.9 N-N*-N ? 

 

401.5 1.35 1.66 401.3 1.3 1.91 π-π* excitation? 

 

4.4  XPS of click reaction products with corannulene 

The corannulene modified silica samples were analyzed using XPS to examine whether the 

corannulene derivatives had attached to the silica efficiently. From the obtained results from 

the XPS, it was found that both derivatives had been successfully attached to the silica which 

can be seen by the presence of nitrogen and carbon signals found in the XPS (Tables 3 and 

4). The ratio between carbon and nitrogen in azide silane sample (3.5) increased to 9.5 in six 

carbon linker corannulene and 12.2 in eight carbon linker. However, XPS is known to break 

azide groups 17, therefore it is not possible to quantify the amount of corannulene that is 

successfully linked to the silica.  

Table 3: XPS data of the 6 carbon chain linked corannulene on silica, showing the bonding energies (BE) indi-
cating in bold type from which element the signal comes from and to which atom it is bound to, as well as the 
relative atom concentration (AC) of each element in the sample surface. 

Line 
C6 Corannulene on silica 

Assignment 
BE, eV FWHM, eV AC, atom-% 

C 1s 284.8 1.3 31.3 C-(C,H) 

 

286.3 1.4 3.55 C-O, C-N 

O 1s 533.0 1.5 39.96 SiO2 

 

535.0 1.45 0.57 Si-OH  

Si 2p 103.7 1.6 20.9 SiO2 

N 1s 399.6 1.35 0.94 N*-N-N* ? 

 

400.4 1.3 1.24 N-N*-N ? 

 

401.5 1.35 1.23 π-π* excitation? 

 404.9 2.2 0.29  
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Table 4: XPS data of the 8 carbon chain linked corannulene on silica, showing the bonding energies (BE) indi-
cating in bold type from which element the signal comes from and to which atom is bound to, as well as the 
relative atom concentration (AC) of each element in the sample surface. 

Line 
C8 Corannulene on silica 

Assignment 
BE, eV FWHM, eV AC, atom-% 

C 1s 284.8 1.2 40.41 C-(C,H) 

 

286.2 1.3 3.46 C-O, C-N 

O 1s 533.0 1.35 33.58 SiO2 

 

534.5 1.7 0.77 Si-OH  

Si 2p 103.7 1.45 18.17 SiO2 

N 1s 400.1 1.4 2.27 N*-N-N* ? 

 401.6 1.6 1.33 N-N*-N ? 

 

4.5   13C NMR of click reaction products and substrate 

To further investigate the product of the click reaction on, a liquid and solid state 13C NMR 

experiments were performed (Figure 11 and 12). The obtained NMR spectra show that the 

click reaction was successful for both samples. From the spectre of (3-

azidopropyl)(trimethoxy)silane attached to the silica (Figure 12) four signals can be seen: 

at 10 ppm from carbons in inner propyl chain (partly overlapped), at ~23 ppm from carbon 

connected do azide group and at ~58 ppm from metoxy groups. From the spectra of click 

reaction products we can distinguish two large signal groups. First one at ~30 ppm, 

corresponding to the alkyl chain linker from the corannulene derivatives. The second signal 

at ~130 ppm corresponds to the aromatic corannulene system. These signals corresponds to 

signals from six carbon chain corannulene ligand (Figure 11). Furthermore it is possible to 

see signals from carbons of ethynyl terminal (ca. 60 and 70 ppm) in corannulene substrate 

sample, which are not present in the spectra of products (had been consumed during the 

click reaction with azide). The spectre of ligand was maximized and peaks belonging to 

solvents (DMF and CDCl3) were cut.  The spinning side bands for both click reaction 

products are visible at ~220 ppm and~140 ppm. 
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4.6  FT-IR spectra of starting material and each reaction step product 

FT-IR spectroscopy (Figure 13 and Figure 14) was also used to analyze the products, 

comparing the samples with six carbon chain corannulene ligand (substrate), unmodified 

and 3-azidopropyl functionalized silica. The FT-IR spectra of the two corannulene-

functionalized silica materials show that the azide-related bands at 2120 cm-1 and 1650 cm-1 

(C=N) disappeared during the reaction (Figure 13), thus indicating that the click reaction 

was successful. Moreover, another confirmation of positive results of reactions is the strong 

appearance of the following alkyl and aromatic signals in click reaction products: CH2 

symmetrical alkyl chain stretch at 2850 cm-1, aryl-CH3 stretch at 2930 cm-1, visible at spectre 

of six carbon chain linker ligand (Figure 14). Since the corannulene ligand was dissolved in 

DMF, solvent signals are overlapping with sample, thus it is only possible to analyze region 

around 3000 cm-1. 

 
   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Superimposed liquid and solid state 13C 
NMR spectra obtained for both corannulene click 
reaction products and six carbon chain corannulene 
substrate (ligand) in DMF and CDCl3 as solvents. 

 

Figure 12. Superimposed solid state 13C NMR spectra 
obtained for both corannulene click reaction products 
and (3-azidopropyl)(trimethoxy)silane  attached to the 
silica. 
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The data presented above show that both corannulene derivatives were successfully attached 

to the silica surface. However, there are slight differences between the two samples. It can be 

seen in Figure 13, that the azide signal for C6 linker corannulene is not completely gone 

after the click reaction. Moreover the intensities of the aromatic and aliphatic groups are 

lower for the for C6 linker than for the C8 linker, as well as intensities in 13C NMR spectra 

(Figure 11).It means, that the coverage of the surface by corannulene derivative is lower for 

the C6 linker. This is also verified by the XPS results, which show a higher carbon content in 

the C8 linker (Table 4) than in the C6 linker sample (Table 3) whereas nitrogen atomic 

concentration is at a similar level. In Figure 15, strong band of nitrogen indicates the 

complexity of the XPS spectra of nitrogen. C6 sample has four types of chemical bonds of 

nitrogen atoms and two types of chemical bonds of nitrogen in C8 sample. Furthermore in 

the 13C NMR spectra (Figure 12) the C6 linker sample has an additional peak at ~20 ppm 

which is not found in the C8 linker. This peak corresponds to unreacted alkyl group 

connected to nitrogen in remaining azide groups. To determine the total carbon and nitrogen 

content, elemental analysis measurement on click reaction products is required. This data 

would also aid in understanding the reason for different retention times on each column and 

confirm the differences in obtained spectras.  

 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Superimposed FT-IR spectra obtained for 
unmodified silica, azide silica, and both the 
corannulene click reaction products. 
 

Figure 14. Superimposed FT-IR spectra obtained for 
six carbon chain corannulene substrate and both the 
corannulene click reaction products. 
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Figure 15 XPS N1s spectrum bands after deconvolution, showing the differences in the nitrogen signal in the 
product of the click reaction. On the left side C8 sample, on the right – C6. 

4.7  HPLC evaluation 

After the successful synthesis of modified silicas with attached corannulene derivatives, three 

HPLC column with 40 × 2.1 mm i.d were packed. The column filled with unmodified silica 

was prepared in order to prove, that the functionalization of the silica surface gives the 

desired effects. Figure 16 shows chromatogram of C60C70 sample showing no retention and 

no separation for unmodified silica column. Figure 17 shows that the C70 sample contains 

C60 at very low concentration, thus indicating the high level of sensitivity and separation 

selectivity obtained for fullerene compounds. Figure 18 shows chromatogram of C60C70 on 

two different columns under the same conditions. The sample retains longer on C8 column 

than C6. From Figure 18 chromatographic rate parameters were calculated for two packed 

columns (see Table 5). 
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Figure 16. Chromatogram showing a sample contain-
ing a mixture of C60 and C70 on a column filled with un-
modified silica. Toluene was used as eluent, column di-
mension 40 × 2.1 mm i.d., eluent flow rate 1.5 mL/min, 
injection volume 2 µL, UV detection at 312 nm. 

Figure 17. Superimposed chromatograms showing C60 
and C70 samples individually injected on a column 
filled with 6 carbon chain linked corannulene silica. 
HPLC conditions as in Figure 16. Peak identities are 
labeled in the figure. 

Figure 19 shows the separations of a low level hydrogenated C60 sample on the two different 

corannulene functionalized columns. The chromatograms contains a number of peaks, indi-

cating that the sample contains many compounds of different hydrogenation levels. The total 

retention time for all compounds is longer on the C8 column, as noted for the fullerenes. The 

last peaks at 5 min on C6 column and 11.5 min at C8 column correspond to non-hydrogenated 

C60. The chromatograms therefore indicate a possibility to separate hydrogenated fullerenes 

from ordinary fullerenes on both columns. 

Figure 20 shows the same sample on the same column but under different flow rate. In this 

case by decreasing flow rate, a better resolution and efficiency was achieved. Therefore with 

use of a flow rate 0.2 ml/min separation of other isomers from C60H18 is possible. 

Figure 21 shows, that both C60H18 and C60H36 samples contained impurities, i.e., each 

sample contains ≈ 50% of a second component, as well as C60 at a hydrogenation level 

between 18 and 36 hydrogens. The chromatograms further indicates that the two main 

components are possible to separate with use of C6 column at the specified settings. 

Figure 22 shows a comparison of a C60H18 sample on the C6 column with different eluents. 

The effect of adding a more polar solvent to the eluent gave an increase in resolution and an 

improved ability to separate of each compound in the sample. The C60H18 sample contains a 

few other C60 compounds of lower hydrogenation level. However, the chromatogram shows 

the ability of the C6 column to separate the C60H18 compound and possibly other isomers with 

both eluents. 

Figure 23 shows that the ability to separate C70 compounds of a high hydrogenation level is 

poor on both columns. On the other hand, highly hydrogenated fullerenes have limited 

stability 16 and it can therefore be excluded that the absence of peaks with retention could be 

due to degradation of the C70H36 due to the (unknown) age of tested sample. Tests with an 

MS system are needed to confirm whether the sample is degraded or if the column is simple 

unable to separate fullerenes this highly hydrogenated. 
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Figure 18. Superimposed chromatograms showing a 
mixture of C60 and C70 on the two columns packed with 
6 and 8 carbon chain linked silica. HPLC conditions as 
in Figure 16. Peak identities are labeled in the figure. 

Figure 19. Superimposed chromatograms showing a 
sample of low level hydrogenated C60 of unknown exact 
composition on the two columns filled with 6 and 8 car-
bon chain linked silica. HPLC conditions as in Figure 
16, except the eluent flow rate which was 1.0 mL/min. 
Peak identities are labeled in the figure. 

  

Figure 20. Superimposed chromatograms showing a 
C60H18 sample on column packed with six-carbon linked 
corannulene silica at different eluent flow rates. HPLC 
conditions as in Figure 16 except the eluent flow rates, 
which are indicated in the Figure. 

Figure 21. Superimposed chromatograms showing 
C60H18 and C60H36 samples individually injected on a 
column packed with eight-carbon linked corannulene 
silica. The C60H18 spectrum was normalized to the high-
est signal in C60H36 spectrum, since different sample 
concentrations were injected. HPLC conditions as in 
Figure 19. Peak identities are labeled in the figure. 
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Figure 22. Superimposed chromatograms showing 
C60H18 sample on column filled with six-carbon linked 
corannulene silica. HPLC conditions as in Figure 19, 
except that two different eluent compositions were 
used (see legend in Figure). 

Figure 23. Superimposed chromatograms showing 
C70H36 sample on two columns filled with six- and 
eight-carbon linked corannulene silica. The flow rate at 
1 ml/min level and toluene as solvent were used. 

 
From the compounded chromatograms in Figures 16-23, it can be concluded that higher 
hydrogenated fullerenes elute earlier on both the corannulene synthesized in this study. This 
can be due to the lower number of π electrons available for interaction with the corannulene 
on the fullerene surface. The retention times were generally longer on the C8 column than on 
the C6 column, possibly due to the verified (Tables 3 and 4 and Figures 10-14) higher 
degree of corannulene functionalization on the C8 column, and this trend is valid for both 
hydrogenated and non-hydrogenated fullerenes. Another reason for the higher retention on 
the C8 column could be higher flexibility of the attached corannulene. Therefore corannulene 
could more easily rotate and change its position in space, and as a consequence cause better 
interaction with the fullerene compounds. From Table 5 it can be seen, that the column 
with 8 carbon chain linker has better separation properties – almost twice higher resolution 
and number of theoretical plates. Assuming that the column packing was equally successful 
in both columns, the lower separation efficiency of the C6 column could also be due to kinetic 
limitation caused by a lower flexibility of corannulenes on a shorter leach. Future experi-
ments will tell. 

Table 5. Table showing calculated chromatographic rate parameters for chromatograms of a sample containing 
C60 and C70, based on data from Figure 18, on two different columns: 6 and 8 carbon chain linked corannulene. 

Column 
Retention 
time (min) 

W ½ 
(min) 

Efficiency 
(theor. pl) 

Efficiency/L 
(theor. pl./m) 

Capacity Resolution 

6C 4.3 0.6 275 6.9 42.2 7.2 

12.7 1.7 305 7.6 126.4 

8C 7.4 1.1 251 6.3 56.3 13.9 

24.2 1.3 2 47.4 185 
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5. Conclusions  

New materials intended for separation of fullerenes and hydrogenated fullerenes were 

synthesized from porous silica particles covered with corannulene on 8 and 6 carbon chain 

linkers attached by the click reaction with (3-azidopropyl)(trimethoxy)silane functionalized 

silica. The material was analyzed by FT-IR, XPS and NMR spectroscopy. All methods affirm 

the intended functionalization of the silica surface with the used substrates. The reaction 

procedure is repeatable, due to fact that two independent silica samples were successfully 

synthesized.  

The packed columns proved to have higher retention capacity for unmodified, compared to 

hydrogenated fullerenes. The 8 carbon chain linker corannulene had better separation 

properties than the 6 carbon one, for both hydrogenated and non-hydrogenated fullerenes.  

Surprising is the fact, that C70H38 has not given any retention. It was more expected, that 

retention would be longer than in case of C60, as it is in non-hydrogenated samples. The 

reason for that could be degradation of the sample due to age and non-proper storage 

condition of samples. To obtain more reliable results, especially to determine hydrogenated 

fullerenes, LC-MS experiments using these columns should be performed.  

Fact that could affect retention of fullerenes on stationary phase is the triazole ring, which is 

formed as a result of the CuAAC click reaction. Although buried below the linker, this triazole 

group may still be able to interact with the tested compounds. In order to avoid influence of 

the triazole ring on interaction between functionalized silica and fullerenes, alternative link-

ing procedure could be performed. 

6. Outlook 

Since attaching corannulene to silica was successful, the developed functionalization method 

is realizable and repeatable. Obtained chromatograms are very promising, but in the case of 

highly hydrogenated fullerenes better resolution would be required. This could be done by 

adjusting parameters such as eluent and flow rate. Furthermore a longer column could be 

packed, and compared to commercial columns, that are normally 150-250 mm in length. 

Increasing the length of the column will affect the resolution to the better for separation of 

hydrogenated fullerenes. Different coupling reaction could be also considered, to exclude the 

triazole ring from interactions with fullerene compounds. Additionally, another corannulene 

derivatives containing groups able to interact with hydrogens could be used to functionalize 

the silica surface, in order to scout for columns specialized for separation of hydrogenated 

fullerenes. 
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