
1 
 

Supporting Information 

Oxidation of Levitated Exo-Tetrahydrodicyclo-

pentadiene Droplets Doped with Aluminum 

Nanoparticles 

 

Michael Lucas1*, Stephen J. Brotton1*, Ahreum Min1, Michelle L. Pantoya2, Ralf I. Kaiser1 

 

1Department of Chemistry, University of Hawai’i at Manoa, Honolulu, HI 96822 

2Mechanical Engineering Department, Texas Tech University, Lubbock, TX 79409 

*Contributed equally to this work.  



2 
 

REACTION YIELDS 

 

 H2O and CO2 are formed by oxidizing JP-10 through the reaction:  

C10H16 + 14 O2 → 10 CO2 + 8 H2O     (1) 

In this section, we will determine the quantities of reactants and products for reaction (1) and the 

moles of unoxidized aluminum. Our process chamber has a volume of 15.44 L and was filled with 

40  1 % of O2. Therefore, using the ideal gas law, there were 0.2871 ± 0.0053 moles of O2 before  

reaction. The Al/JP-10 droplet studied here had a volume of (4.6 ± 1.4) × 10-3 cm3 and contained 

99.5 wt. % of JP-10; therefore, using the density of  0.9314 g cm-3 for JP-10,1 it is determined that 

the unreacted droplet contained (3.14 ± 0.92)  10-5 mol of JP-10. Since the molar ratio of O2: JP-

10 of 9140:1 is much larger than the stoichiometric ratio of the reactants of 14:1 (see reaction (1)), 

O2 is the excess reactant. The FTIR spectrum in Figure 5 did not show evidence for CO, which 

confirms that O2 was the excess reactant.  

The oxygen can also react with the aluminum; the reaction for the complete oxidation of 

aluminum is: 

2 Al + 3/2 O2 → Al2O3.     (2) 

The Al/JP-10 droplet contains 0.5 wt. % of Al NPs with an average diameter of 80 nm. The Al 

NPs have a 4 nm thick Al2O3 outer shell that needs to be accounted for when determining the initial 

quantity of unoxidized Al. The mass ratio of Al to Al2O3 in the nanoparticle is therefore 1.839, 

where we have used 2.90 g cm-3 and 3.95 g cm-3 for densities of Al and Al2O3, respectively.  The 

initial amount of unoxidized aluminum is consequently (5.16 ± 0.72)  10-7 mol.  

We can calculate the moles of CO2 and H2O produced by comparing the absorbances for CO2 

and H2O observed in the FTIR spectrum (Figure 5) with the known cross sections.  The required 

absorption cross sections for CO2 and H2O were calculating using the SPECTRA Information 

System2 and the absorption lines from the HITRAN molecular spectroscopic database.3 The 

absorption cross sections were calculated for band c of CO2 centered at 2349 cm-1 and for band d 

of H2O at 1635 cm-1 (Figure 5, Table S3). The FTIR spectra of these bands and the reference 

absorption cross sections are shown in Figure S7. To calculate the moles of CO2 and H2O 

produced, the Beer-Lambert law was used: 

           𝐴 =
nσL

Logⅇ(10)
                                                                                (3) 
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where A is the absorbance, σ is the absorption cross section, L is the path length of 37.63 cm, and 

n is the number density of the absorber. At the maximum of band c for CO2 corresponding to 2362 

cm-1, the measured absorbance is 0.283± 0.001 and the reference absorption cross section is (2.608 

± 0.026) × 10-18 cm2 molecule-1; therefore, using equation (3), (1.70 ± 0.02)  10-4 moles of CO2 

were produced. The quantity of H2O produced is calculated using the peak at 1653 cm-1, which  

reaches a maximum absorbance of 0.00887 ± 0.00033. The reference absorption cross section at 

the same peak is (1.186 ± 0.012) × 10-19 cm2 molecule-1, and so (1.173 ± 0.046) × 10-4 mol of H2O 

were produced. The molar ratio of CO2 to H2O is expected to be 1.25:1, whereas the measured 

molar ratio is 1.45:1 indicating that slightly less water was detected than expected. This could be 

caused by water condensing on the surfaces within the stainless-steel chamber. Therefore, we only 

use the quantity of CO2 formed to calculate the moles of O2 and JP-10 consumed. The formation 

of CO2 would consume (2.38 ± 0.03) × 10-4 mol of O2 and (1.70 ± 0.02) × 10-5 mol of JP-10. The 

calculated amount of JP-10 consumed is a factor of 0.54 lower than the initial amount of JP-10 of 

(3.14 ± 0.92)  10-5 mol, which is a consequence of the incomplete combustion of JP-10.  
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Figure S1. ATR-FTIR spectra of Al/JP-10 with the individual peak fits. FTIR spectra of pure JP-

10 (green lines) are shown for comparison. The individual peaks are labelled with ν# and the peak 

assignments are compiled in Table S2. 
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Figure S2. Raman spectra of Al/JP-10 with the individual peak fits. Raman spectra of pure JP-10 

(green lines) are shown for comparison. The individual peaks are labelled with ν# and the peak 

assignments are compiled in Table S2. 
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Figure S3. Photographs of a levitated droplet of (a)  Al2O3/JP-10 or (b) CuO/JP-10. 
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Figure S4. Emission doublet produced by the 2P3/2,1/2 → 2S1/2 transitions of atomic sodium at 

589.00 nm and 589.59 nm, respectively, which appears in the Raman spectrum during ignition of 

an Al/JP-10 droplet levitated in 40% O2 and 60% Ar.  
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Figure S5. TEM images showing (a) the different sizes of the aluminum nanoparticles and (b) a 

single particle to display the Al2O3 outer shell. 
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Figure S6. Size distribution of the aluminum nanoparticles. The counts are proportional to the 

volume of particles with diameters within the specified ranges. 
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Figure S7. Experimental FTIR spectra (top row) and the reference absorption cross sections 

(bottom row).2 Column (a) shows the 2349 cm-1 absorption band c of CO2 (Table S3) and column 

(b) the H2O absorption band d (Table S4). The spectral resolution was 4 cm-1 in all the Figures.  
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Table S1. Vibrational Mode Assignments for the Observed Peaks in the FTIR and Raman 

Spectra of JP-10. 

Number 

FTIR 

Wavenumbers  

(cm-1)a 

Raman 

Wavenumbers 

(cm-1)a 

Calculated 

Wavenumbers 

(cm-1)b 

Vibrational 

Mode 

Assignment 

68 2942 2955 3073 CH stretch 

62 2913 2912 3042 CH2 stretch 

57 2865 2868 3016 CH stretch 

55 1468 1472 ± 6 1514 CH2 scissor 

54 1456 1454 1502 CH2 scissor 

47  1337 1343 CH wag 

46 1330  1331 CH2 wag 

44 1316 1315 ± 3 1317 CH2 wag 

43 1309  1311 CH2 wag 

41 1297 1300 ± 8 1301 CH wag 

40 1277 1284 1289 CH2 wag 

39 1270  1261 CH2 twist 

38 1254  1251 CH2 twist 

37 1233 1228 1227 CH2 rock 

35 1201 1202 1205 CH2 twist 

34 1186  1193 CH2 wag 

33  1169 1169 CH2 twist 

32 1144 1145 1153 CH2 twist 

31 1129 ± 2 1130 1138 CH2 twist 
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aThe uncertainties are equal to, or less than, 1 cm-1 unless stated otherwise. bBased on reference 
4. 

 

  

Number 

FTIR 

Wavenumbers 

(cm-1)a 

Raman 

Wavenumbers 

(cm-1)a 

Calculated 

Wavenumbers 

(cm-1)b 

Vibrational 

Mode 

Assignment 

30 1113 1115 1073 Rock, CH2 twist 

29 1057 1057 1054 CH2 Wag 

26 1032 1035 1041 CH2 Twist 

24 988 988 992 CC stretch 

23 980  963 CC stretch 

22 945 948 955 Ring breathing 

20 918 919 918 CH2 twist 

19 907  913 CC stretch 

17 883 884 889 CC stretch 

15 855 857 863 CCC bend 

14 816 817 828 CH2 rock 

13 783 785 792 CC stretch 

12 745 746 753 CC stretch 

11 733  739 CCC bend 

10 659  671 Ring rock 

 613    

9 554 552 554 CCC bend 

8 528 527 ± 3 534 Ring twist 

7  490 495 CCC bend 

6  396 397 CCC bend 
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Table S2. Vibrational Mode Assignments for the Observed Peaks in the FTIR and Raman Spectra 

of Al/JP-10. 

 

Number 

FTIR 

Wavenumbers 

(cm-1)a 

Raman 

 Wavenumbers 

(cm-1)a 

Calculated 

Wavenumbers 

(cm-1)b 

Vibrational 

Mode 

Assignment 

68 2942 2952 3073 CH stretch 

62 2913 2911 3042 CH2 stretch 

57 2864 2868 3016 CH stretch 

55 1468 
 

1514 CH2 scissor 

54 1453 1457 1502 CH2 scissor 

47 
 

1337 1343 CH wag 

46 1331 
 

1331 CH2 wag 

43 1309 ± 4 
 

1311 CH2 wag 

41 1296 
 

1301 CH wag 

39 1270 ± 18 
 

1261 CH2 twist 

38 1254 
 

1251 CH2 twist 

37 1233 ± 2 1228 ± 2 1227 CH2 rock 

35 1201 
 

1205 CH2 twist 

34 1185 ± 2 
 

1193 CH2 wag 

33 
 

1170 ± 2 1169 CH2 twist 

32 1144 1141 ± 23 1153 CH2 twist 

30 1113 ± 4 1108 ± 71 1073 CH2 Rock, twist 

29 1056 ± 2  1054 CH2 Wag 

26 1032 1036 1041 CH2 Twist 

24 987 984 992 CC stretch 

23 979  963 CC stretch 

22 945 944 ± 2 955 Ring breathing 
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aThe uncertainties are equal to, or less than, 1 cm-1 unless stated otherwise.  

bBased on reference 4. 

  

Number 

FTIR 

Wavenumbers 

(cm-1)a 

Raman  

Wavenumbers 

(cm-1)a 

Calculated 

Wavenumbers 

(cm-1)b 

Vibrational 

Mode 

Assignment 

20 918 915 918 CH2 twist 

19 907 
 

913 CCC stretch 

17 883 ± 2  881 889 CC stretch 

15 855 
 

863 CCC bend 

14 816 812 828 CH2 rock 

13 783 785 792 CC stretch 

12 745 741 753 CC stretch 

11 732 
 

739 CCC bend 

10 659 
 

671 Ring rock 

9 549 545 ± 6 554 CCC bend 

8 528 520 ± 4 534 Ring twist 

7 
 

484 495 CCC bend 

6 
 

404 397 CCC bend 
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Table S3. Assignment of the vibrational modes in the FTIR spectra collected following oxidation of 

Al/JP-10. 

 

 

 

 

Movie M1. High-speed video  of an igniting Al/JP-10 droplet. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Band 

Experimental 

band center 

(cm-1) 

Reference band 

center (cm-1) 
Molecule 

Number 

(symmetry) 

Vibrational 

Mode 
Ref. 

a 3714 3715 CO2 ν1(σg
+) + 

ν3(σu
+) 

Combination 

band 

5 

b 3612 3613 CO2 ν1(σg
+) + 

ν3(σu
+) 

Combination 

band 

5 

c 2349 2349 CO2 ν3(σu
+) CO2 asym. str. 5 

d 1635 1635 H2O ν2(A′) OH bend 6 

e 669 667 CO2 ν2(πu) CO2 bend 5 
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