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Section S1. GC-MS analysis 

 

Figure S1. MS spectrum of 4-oxatricyclo[4.3.1.13.8]undecan-5-one (based on  RTL mass 

spectral library). 
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Section S2. NMR analysis 

 

Figure S2. 1H NMR spectrum of 4-oxatricyclo[4.3.1.13.8]undecan-5-one. 7.28 - CHCL3 from 

CDCL3.  Impurities in a range of 0.0-1.5 ppm – solvents after extraction. 

 

Figure S3. 13C NMR spectrum of 4-oxatricyclo[4.3.1.13.8]undecan-5-one.  
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Section S3. SEM-EDS analysis 
All SILLP materials were analyzed using SEM microscope equipped with EDS detector 

in order to confirm the presence of characteristic atoms in the structures. The qualitative 
analysis clearly confirmed a presence of expected elements in all structures.   

 

Element 
Number 

Element 
Symbol 

Element 
Name 

Atomic 
Conc. 

Weight 
Conc. 

6 C Carbon 88.38 85.81 
8 O Oxygen 6.38 8.25 
7 N Nitrogen 5.24 5.94 

 

Figure S4. The SEM-EDS analysis of CNTs-CONH (A1). 

 

 

Element 
Number 

Element 
Symbol 

Element 
Name 

Atomic 
Conc. 

Weight 
Conc. 

6 C Carbon 83.72 79.17 
8 O Oxygen 9.89 12.46 
7 N Nitrogen 6.24 6.88 
53 I Iodine 0.15 1.49 

 

Figure S5. The SEM-EDS analysis of CNTs-CONH-HEX-I (A2). 
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Element 
Number 

Element 
Symbol 

Element 
Name 

Atomic 
Conc. 

Weight 
Conc. 

6 C Carbon 76.65 73.03 
7 N Nitrogen 20.97 23.30 
9 F Fluorine 2.29 3.46 
16 S Sulfur 0.08 0.21 

 

Figure S6. The SEM-EDS analysis of CNTs-CONH-HEX-N(Tf)2 (A3). 

 

 

Element 
Number 

Element 
Symbol 

Element 
Name 

Atomic 
Conc. 

Weight 
Conc. 

6 C Carbon 74.54 71.52 
7 N Nitrogen 25.46 28.48 

 

Figure S7. The SEM-EDS analysis of CNTs-CONH-HEX-N(CN)2 (A4). 
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Element 
Number 

Element 
Symbol 

Element 
Name 

Atomic 
Conc. 

Weight 
Conc. 

6 C Carbon 57.80 52.28 
7 N Nitrogen 22.47 23.70 
8 O Oxygen 19.51 23.51 
15 P Phosphorus 0.22 0.51 

 

Figure S8. The SEM-EDS analysis of CNTs-CONH-Oc2PO4 (A5). 

 

 

Element 
Number 

Element 
Symbol 

Element 
Name 

Atomic 
Conc. 

Weight 
Conc. 

6 C Carbon 56.50 50.42 
8 O Oxygen 28.41 33.78 
7 N Nitrogen 15.01 15.62 
16 S Sulfur 0.08 0.18 

 

Figure S9. The SEM-EDS analysis of CNTs-CONH-OcSO4 (A6). 
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Element 
Number 

Element 
Symbol 

Element 
Name 

Atomic 
Conc. 

Weight 
Conc. 

6 C Carbon 84.10 80.49 
7 N Nitrogen 15.70 17.52 
53 I Iodine 0.20 1.98 

 

Figure S10. The SEM-EDS analysis of CNTs-C=N-HEX-I (I2). 

 

 

Element 
Number 

Element 
Symbol 

Element 
Name 

Atomic 
Conc. 

Weight 
Conc. 

6 C Carbon 78.23 74.65 
7 N Nitrogen 19.01 21.16 
9 F Fluorine 2.72 4.10 
16 S Sulfur 0.04 0.09 

 

Figure S11. The SEM-EDS analysis of CNTs-C=N-HEX-N(Tf)2 (I3). 
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Element 
Number 

Element 
Symbol 

Element 
Name 

Atomic 
Conc. 

Weight 
Conc. 

6 C Carbon 74.10 71.04 
7 N Nitrogen 25.90 28.96 

 

Figure S12. The SEM-EDS analysis of CNTs-C=N-HEX-N(CN)2 (I4). 

 

 

Element 
Number 

Element 
Symbol 

Element 
Name 

Atomic 
Conc. 

Weight 
Conc. 

6 C Carbon 72.65 67.59 
8 O Oxygen 16.83 20.86 
7 N Nitrogen 10.41 11.29 
15 P Phosphorus 0.11 0.26 

 

Figure S13. The SEM-EDS analysis of CNTs-C=N-Oc2PO4 (I5). 
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Element 
Number 

Element 
Symbol 

Element 
Name 

Atomic 
Conc. 

Weight 
Conc. 

6 C Carbon 69.20 63.86 
8 O Oxygen 15.21 18.69 
7 N Nitrogen 15.12 16.27 
16 S Sulfur 0.48 1.18 

 

Figure S14. The SEM-EDS analysis of CNTs-C=N-OcSO4 (I6). 
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Section S4. Thermogravimetric analysis 
Thermograms were collected for all materials and biocatalysts. The content of 

functional groups or adsorbed IL was determined based on the mass loss during analysis. 
The lipase content was determined based on a difference between mass of a biocatalyst and 
a support in a range of 180-450 °C. 

 

Figure S15. Thermogravimetric analysis of CALB. 

 

Figure S16. Thermogravimetric analysis of CRL. 

 

Figure S17. Thermogravimetric analysis of AOL. 
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Figure S18. Thermogravimetric analysis of CNTs-CONH-Oc2PO4 (A5). 

 

Figure S19. Thermogravimetric analysis of CALB-CNTs-CONH-Oc2PO4 (A5). 

 

Figure S20. Thermogravimetric analysis of CRL-CNTs-CONH-Oc2PO4 (A5). 
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Figure S21. Thermogravimetric analysis of AOL-CNTs-CONH-Oc2PO4 (A5). 

Analysis for the rest of covalent structures and biocatalysts was performed similarly, 

nevertheless due to size of data these analyses were not included in this SI. Analyses remain 

available upon request from authors. 

 

Figure S22. Thermogravimetric analysis of CNTs-CONH-[bmim][N(Tf)2] MR 1:0.1 

 

Figure S23. Thermogravimetric analysis of CNTs-CONH-[bmim][N(Tf)2] MR 1:0.3 
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Figure S24. Thermogravimetric analysis of CNTs-CONH-[bmim][N(Tf)2] MR 1:0.5 

 

Figure S25. Thermogravimetric analysis of CNTs-CONH-[bmim][N(Tf)2] MR 1:0.8 

 

Figure S26. Thermogravimetric analysis of CNTs-CONH-[bmim][N(Tf)2] MR 1:1.1 
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Figure S27. Thermogravimetric analysis of CNTs-C=N-[bmim][N(Tf)2] MR 1:0.1 

 

Figure S28. Thermogravimetric analysis of CNTs-C=N-[bmim][N(Tf)2] MR 1:0.3 

 

Figure S29. Thermogravimetric analysis of CNTs-C=N-[bmim][N(Tf)2] MR 1:0.5 

S te p -1 , 9167 %
-0 , 1963 mg

Residue 95, 2739 %
9,7587  mg

Le f t Limit 605 ,96  °C
Right  Limit 799 ,30  °C

Step -0 , 4545 %
-46 ,5509e -03 mg

Le f t Limit 484 ,15  °C
Right  Limit 605 ,54  °C

S te p -1 , 5054 %
-0 , 1542 mg

Residue 97, 6483 %
10, 0019 mg

Le f t Limit 316 ,34  °C
Right  Limit 483 ,73  °CStep -0 , 4955 %

-50 ,7528e -03 mg
Le f t Limit 94, 41  °C
Right  Limit 315 ,92  °C

S te p -0 , 3469 %
-35 ,5323e -03 mg

Le f t Limit 26, 27  °C
Right  Limit 93, 99  °C

, , g%

95

96

97

98

99

°C40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700 720 740 760 780

DTG

Pea k   46 , 63  °C Pea k 644 ,69  °C

Peak 392 ,18  °C

Pea k 234 ,29  °C

1 /°C

0 , 00025

0 , 00020

0 , 00015

0 , 00010

0 , 00005

0 ,00000

°C40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700 720 740 760 780
S T A R e  S W  1 5 .0 0L a b o ra to riu m  A n a liz y  T e rm ic z n e j: M E T T L E R

Residue 94, 1150 %
9 ,7125  mg

Le f t Limit 575 ,22  °C
Right  Limit 798 ,99  °C

, g
Le f t Limit 478 ,13  °C
Right  Limit 575 ,65  °C

S tep -1 , 0522 %
-0 , 1086 mg

Residue 98, 3768 %
10, 1523 mg

Le f t Limit 309 ,31  °C
Right  Limit 477 ,70  °C

Step -0 , 5435 %
-56 ,0851e -03 mg

Le f t Limit 68, 91  °C
Right  Limit 308 ,90  °C

94

95

96

97

98

99

100

°C40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700 720 740 760 780

Step -16 ,7694e -03 %
-1 , 7306e -03  mg

Le f t Limit 24, 27  °C
Right  Limit 68, 49  °C

DTG

Pea k 640 ,35  °C

Pea k 380 ,62  °C
Pea k 231 ,53  °C

Peak 45, 17  °C

1 /°C

-0 , 0003

-0 , 0002

-0 , 0001

0 ,0000

°C40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700 720 740 760 780
S T A R e  S W  1 5 .0 0L a b o ra to riu m  A n a liz y  T e rm ic z n e j: M E T T L E R

S tep -2 , 1382 %
-0 , 2201 mg

Residue 94, 5822 %
9 ,7370  mg

Le f t Limit 624 ,81  °C
Right  Limit 798 ,33  °C

Step -0 , 6572 %
-67 ,6537e -03 mg

Le f t Limit 470 ,95  °C
Right  Limit 624 ,36  °C

p ,
-0 , 2738 mg

Residue 97, 3801 %
10, 0251 mg

Le f t Limit 240 ,66  °C
Right  Limit 470 ,51  °C

? S te p 0 ,3716  %
38, 2583e -03  mg

Le f t Limit 25, 02  °C
Right  Limit 38, 26  °C

, , g%

95

96

97

98

99

100

°C40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700 720 740 760 780

DTG

Ste p -0 , 3346 %
-34 ,4442e -03 mg

Le f t Limit 38, 67  °C
Right  Limit 240 ,66  °C

Peak 666 ,09  °C

Peak 391 ,25  °C

1 /°C

-0 , 0004

-0 , 0002

0 ,0000

0 ,0002

°C40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700 720 740 760 780
S T A R e  S W  1 5 .0 0L a b o ra to riu m  A n a liz y  T e rm ic z n e j: M E T T L E R



16 
 

 

Figure S30. Thermogravimetric analysis of CNTs-C=N-[bmim][N(Tf)2] MR 1:0.8 

 

Figure S31. Thermogravimetric analysis of CNTs-C=N-[bmim][N(Tf)2] MR 1:1.1 

 

Figure S32. Thermogravimetric analysis of CALB-CNTs-CONH-[bmim][N(Tf)2] MR 1:0.1 
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Figure S33. Thermogravimetric analysis of CALB-CNTs-CONH-[bmim][N(Tf)2] MR 1:0.3 

 

Figure S34. Thermogravimetric analysis of CALB-CNTs-CONH-[bmim][N(Tf)2] MR 1:0.5 

 

Figure S35. Thermogravimetric analysis of CALB-CNTs-CONH-[bmim][N(Tf)2] MR 1:0.8 
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Figure S36. Thermogravimetric analysis of CALB-CNTs-CONH-[bmim][N(Tf)2] MR 1:1.1 

 

Figure S37. Thermogravimetric analysis of CALB-CNTs-C=N-[bmim][N(Tf)2] MR 1:0.1 

 

Figure S38. Thermogravimetric analysis of CALB-CNTs-C=N-[bmim][N(Tf)2] MR 1:0.3 
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Figure S39. Thermogravimetric analysis of CALB-CNTs-C=N-[bmim][N(Tf)2] MR 1:0.5 

 

Figure S40. Thermogravimetric analysis of CALB-CNTs-C=N-[bmim][N(Tf)2] MR 1:0.8 

 

Figure S41. Thermogravimetric analysis of CALB-CNTs-C=N-[bmim][N(Tf)2] MR 1:1.1 
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Figure S42. Thermogravimetric analysis of CALB-CNTs-CONH-Oc2PO4 after 4th  reaction run. 
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Section S5. IR analysis 
The crucial step of both pathways lies in a synthesis of a bond between MWCNTs and 

an amine. In case of incomplete substitution of functional groups, an activity of final 
biocatalyst could be lower than it would be possible to achieve. In order to determine types of 
bonds existing between atoms during a progress of the synthesis, the IR and XPS analyses 
were performed.  

The results of IR analysis of structures A1 and I1 in comparison with starting materials were 
shown in Table S1 and Figures S43-S44. Performed experiments confirmed the final 
structures. 

Table S1. Characteristic bands observed in FT-IR spectra. 

FT-IR (KBr, cm-1) 

Aromatic structure of CNTs 3000 – 2800 stretching vibrations of CAr-H (νC-H) 
1660 – 1400 C=C groups in aromatic rings (νC=C) 

CNTs-CONH (A1) 3430 (νΝ−Η), 1630 (I amide νC=O), 1512 (II amide δN-H) 
1232 (νC-N), 664 (γN-H) 

CNTs-CHO 2920 and 2850 (νO=C-H, asym.), 1710 (νC=O) 

CNTs-C=N (I1) 1630 (νC=N) 
 

 

Figure 43. FT-IR spectra of pristine CNTs (blue) and CNTs-CONH (A1) (red). 
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Figure 44.  FT-IR spectra of pristine CNTs (blue), CNTs-CHO (red) and CNTs-C=N (I1) 
(green). 
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Section S6. XPS analysis 
The results of XPS analysis of structures A1, A2, I1 and I2 were shown in Tables S2-S5 and 
Figures S45-S48. Performed experiments confirmed the final structures. 

Table S2. XPS analysis of CNTs-CONH (A1). 

Analysis BE / eV Atomic conc., % interpretation of the structure 

C1s 

282.4 2.2 C-C 
284.5 46.1 C=C 
286.3 27.1 C-N 
287.8 5.3 C=O 

O1s 

530.7 0.6 O=C 
532.1 3.7 O-C 
534.1 0.6 O=C 
535.7 0.1 H-O-H from water adsorbed on the surface 

N1s 

397.4 0.6 N2 
399.5 5.7 C-N from imidazolium ring 
401.3 5.5 C-NH from amide bond 
403.1 0.4 C=N from imidazolium ring 

 

 

Figure S45. XPS analysis of CNTs-CONH (A1). 

Table S3. XPS analysis of CNTs-CONH-HEX-I (A2). 

Analysis BE / eV Atomic conc., % interpretation of the structure 

C1s 

282.4 4.8 C-C 
284.5 71.3 C=C 
286.3 14.3 C-N 
287.8 2.5 C=O 

O1s 

531.1 1.4 O=C 
532.5 0.9 O-C 
533.8 0.6 O=C 
536.1 0.2 H-O-H from water adsorbed on the surface 

N1s 397.8 0.1 N2 
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399.7 0.8 C-N from imidazolium ring 
401.7 1.6 C-NH from amide bond 
403.8 0.2 C-N+ from imidazolium ring 

I3d5 
618.4 0.9 iodide (I-) 
620.5 0.2 I2 

 

 

Figure S46. XPS analysis of CNTs-CONH-HEX-I (A2). 

Table S4. XPS analysis of CNTs-C=N (I2). 

Analysis BE / eV Atomic conc., % interpretation of the structure 

C1s 

282.4 5.3 C-C 
284.5 74.8 C=C 
286.3 12.7 C-N 
287.4 2.6 C=N 

O1s 

530.8 0.9 O=C 
532.3 0.7 O-C 
533.7 0.5 O=C 
536.2 0.2 H-O-H from water adsorbed on the surface 

N1s 
399.2 1.0 C-N from imidazolium ring 
401.2 1.2 C=N from imine bond 
405.7 0.1 C=N from imidazolium ring 
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Figure S47. XPS analysis of CNTs-C=N (I2). 

Table S5. XPS analysis of CNTs-C=N-HEX-I (I3). 

Analysis BE / eV Atomic conc., % interpretation of the structure 

C1s 

282.5 4.3 C-C 
284.5 77.0 C=C 
286.3 12.9 C-N 
287.7 1.2 C=N 

O1s 

531.1 1.2 O=C 
532.8 1.2 O-C 
534.3 0.5 O=C 
536.2 0.2 H-O-H from water adsorbed on the surface 

N1s 
399.1 0.2 C-N from imidazolium ring 
401.4 0.7 C=N from imine bond 
406.3 0.2 C-N+ 

I3d5 
618.4 0.3 iodide (I-) 
620.4 0.1 I2 

 

 

Figure S48. XPS analysis of CNTs-C=N-HEX-I (I3). 
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Section S7. Elemental analysis. 
Table S6. Elemental analysis of synthesized structures.  

Structure 
Content of atoms: C, H, N 

(wt.%) 
CNTs-COOH 98.12, 0.29, 0.23 

CNTs-CONH (A1) 96.19, 0.65, 1.83 
CNTs-CONH-HEX-I (A2) 91.83, 0.92, 1.21 
CNTs-CONH-HEX-N(Tf)2 

(A3) 
86.55, 0.94, 1.44 

CNTs-CONH-HEX-
N(CN)2 (A4) 

90.84, 0.95, 2.57 

CNTs-CONH-HEX-
Oc2PO4 (A5) 

91.83, 0.92, 1.53 

CNTs-CONH-HEX-OcSO4 
(A6) 

88.75, 1.44, 1.49 

CNTs-CHO 96.19, 0.48, 0.29 
CNTs-C=N (I1) 95.05, 0.64, 1.01 

CNTs-C=N-HEX-I (I2) 95.44, 0.52, 0.41 
CNTs-C=N-HEX-N(Tf)2 

(I3) 
91.46, 0.60, 0.91 

CNTs-C=N-HEX-N(CN)2 
(I4) 

91.61, 0.66, 2.47 

CNTs-C=N-HEX-Oc2PO4 
(I5) 

96.39, 0.54, 0.44 

CNTs-C=N-HEX-OcSO4 
(I6) 

94.82, 0.52, 0.45 
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Section S8. Influence of the type of an enzyme on the recyclability of 
biocatalysts 

 

Figure S49. Influence of the type of an enzyme on the recyclability of biocatalysts. Reaction 
conditions: 2-adamantanone 1 mmol (0.150 g), toluene 0.5 mL, n-octanoic acid 0.5 mL, 0.080 g 
CALB-CNTs-CONH-Oc2PO4 or CALB-CNTs-C=N-Oc2PO4 biocatalyst, 35 % aq. H2O2 2 mmol 
(0.194 g), 20 °C, 4 h, 400 rpm. 
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