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1. Peng- Robinson EOS parameters

Table S1: Fitted binary interaction parameters for cyclohexane/O,/CO, system

Binary Pair ki;

CO,-cyclohexane 0.166
CO,-0, 0.156
O,-cyclohexane 0.208

2. Analysis of hydrocarbons in vented gas from the reactor

Table S1: Gas phase hydrocarbons detected during cyclohexane ozonation (corresponding to
Table 2, Entries#1&2)

Cyclohexane
conversion (%) 1.6 124
Cyclohexane (mol) 6.7 (104 1.2 (103)
Cyclohexanone (mol) 9.5 (10°9) 1.8 (107)
Cyclohexanol (mol) Not detectable Not detectable

*Reaction conditions: 9.22 X 10-3 mol cyclohexane, O3/cyclohexane = 49-51%. 280 K, 6.7
MPa, 400 rpm, 1 hr). The number in the parentheses are the percentage of gaseous cyclohexane
in total cyclohexane (liquid + gas phases)
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3. GC-MS spectra of cyclohexanone and cyclohexanol
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Figure S1: Mass fragmentation pattern of cyclohexanone
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Figure S2: Mass fragmentation pattern of cyclohexanol
4. GC-FID chromatograph of product mixture from the reactor
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Figure S3: GC-FID chromatogram of liquid phase reaction mixture showing cyclohexanone and
cyclohexanol

5. Ceric sulfate titration method for hydrogen peroxide quantification

The reaction stoichiometry for titration is described in Eq. S2.

H202 +2 CC(SO4)2 = Cez(SO4)3 + HzSO4 + 02

(Eq. S2)

A few drops of ferroin indicator solution were added to 150 mL of 5 (v/v) % sulfuric acid. The

pink-colored solution was then titrated by ceric sulfate solution (0.1N) to a bright green color. A
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known amount of product solution was added to this bright green solution, which then changed
back to pink color. This pink colored solution was titrated by ceric sulfate solution back to bright
green color as end point. The mass of chemicals consumed during the titration procedure was used

to quantify hydrogen peroxide according to Eq. S3.

mole H,0, 34.01 g H,0,

Volume of Ce(S0,), (L) x 0.1molL~! x 0.5 X
(500, mole Ce(S0,), mol H,0,

Weight of sample (g) (Eq.

H,0, (wt.%) =

S3)

Table S2: Example of H,O, measurement by ceric sulfate titration

Sample Sulfuric  Ceric sulfate Mass Mass in 35 H.IL Mol. of H,0; in 35
Entry  amount acid (mL)  solution (g) percentage  product solution mL product solution
(€9) (%0) (2
1 5.2896 150 0.3423 0.0138 3.3 %107 9.6 x 107
2 5.2284 150 0.3267 0.0133 3.2 x1073 9.3 x 107

*Reaction condition: 9.22 X 10-3 mol cyclohexane, Os/cyclohexane = 51%. 280 K, 6.9 MPa,
400 rpm, 1 hr (corresponding to Table 1, entry#2). The titration was repeated twice for each
product sample, as shown in the two entries above.
6. IR spectra of cyclohexane, cyclohexanol and cyclohexanone

The IR absorbance spectra for cyclohexane, cyclohexanol and cyclohexanone in toluene
were obtained with the ReactIR15 instrument at 293 K and 0.1 MPa (Figure S4). The IR
absorbance peaks 2857 cm!, 1723 cm! and 1067 cm! were chosen to identify cyclohexane,
cyclohexanone and cyclohexanol as there are no overlapping solvents peaks in these regions. To
verify the ReactIR detection of cyclohexane in liquid CO,, the following experiment was
performed. Approximately 15 mL of CO, from an ISCO pump (3.64 MPa, 293 K, 266 mL) was

pumped as liquid into the 50 mL Parr reactor where the CO, was allowed equilibrium at 280 K,

4.14 MPa. The liquid CO, formed at this condition was scanned and taken as IR background. Next,
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a small amount liquid cyclohexane (1 mL) was pumped into the reactor by another ISCO pump
at 293 K, and the binary mixture was stirred at 400 rpm to reach equilibrium followed by IR scan.
The recorded IR spectra are shown in Figure S5. The IR absorbance peaks assigned to cyclohexane

occur at 2857 cm™! and 2939 cm™!. The prominent peak at ~ 2300 cm™! corresponds to CO..
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Figure S4: IR spectra of cyclohexane, cyclohexanone and cyclohexanol.
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Figure S5: IR spectra of cyclohexane in liquid CO, (280 K, 4.14 MPa)

7. Minor Products from ozonation of cyclohexane

Table S3: Distribution of minor products from ozonation of cyclohexane based on FC/FID
chromatogram (operating conditions correspond to Table 2, entry#1)

Peak Area

Area Ratio to

Products Counts Total Area Cyclohexanel® Yield @
Acetic acid 1,071,372
Oxalic acid 191,981
Butyrolactone 288,999
Pentanoic acid 194,451
Tetrahydro-2-pyranone 598,308
Hexanoic acid 118,531
1,4-cyclohexanedione 754,383
Succinic anhydride 73,849 6 . o 0.80
Propanoic acid 494,363 212(19) 1:100 (1%) mol%
Butanoic acid 1,162,297
Heptanoic acid 2,368,298
Hexanoic acid, 6-hydroxy- 774,322
Butanal, 3- hydroxy- 173,771
2-Oxepanone 313,330
Cyclohexanone, 2-hydroxy- 134,870
Cyclohexanone,4-hydroxy- 135,655
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Cyclohexanone,3- hydroxy- | 273,334 | | |

[a] Area Ratio to Cyclohexane: total area of minor products/area of cyclohexane in product
sample; [b] Yield = moles of minor products / initial moles of cyclohexane.

8. Computational details
Table S4: Comparison of Experimental and Computationally-Predicted Metric Parameters for

0s.
method d(0-0) (A) £ (0-0-0) (°)

experiment® 1.27276 116.7542
CAS(18,12) 1.2772 116.57
TPSS-D3 1.2759 118.12

@ Experimental data from Tyuterev, V. G.; Tashkun, S.; Jensen, P.; Barbe, A.; Cours, T.,
Determination of the Effective Ground State Potential Energy Function of Ozone from High-
Resolution Infrared Spectra. J. Mol. Spectrosc. 1999, 198, 57-76.

Table S5: Zero-Point-Energy (ZPE)-Corrected Electronic Energies (£) of Transitions States and
Reaction Products for Cyclohexane (C¢H;,) Oxidation by Ozone (O3).

Structure E +7ZPE Relative £ + ZPE
(kcal/mol) (kcal/mol)
C¢H, + O3 (reactant complex) -289501.8 0.0
HAT TS (DFT) -289484.8 17.0
HAT TS (CASSCF/NEVPT2) -289482.7 19.1
CsH,,Ce + «OOOH -289497.2 4.6
CsH;;COOOH -289546.4 -44.6
CsH,,CO- + «OOH -289532.7 -31.0
CsH,;,CO + H,0, (ketone product) -289591.7 -89.9
CsH;COH + O, (alcohol product) -289577.5 -75.7
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Figure S6: Reaction paths for recombination of hydrotrioxyl and cyclohexyl radicals from a
nudged elastic band calculation. The black and red circles are for the initial and final paths; the
grey circles are intermediate paths. The solid lines are a spline interpolation through the path

points.
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Figure S7: Optimized transition-state structure for cyclohexanol oxidation by Os. The energy (£
+ ZPE) of this transition-state relative to the reactant complex is 10.3 kcal/mol.
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H -0.970517000 -4.369568000 1.851716000
H 0.413051000 -4.995541000 2.783856000
H -1.262947000 -6.581833000 0.727374000
H -1.320305000 -6.785823000 2.488826000
H 0.119061000 -8.548564000 1.383422000
H 1.055120000 -7.548226000 2.513803000
H 2.337979000 -7.840801000 0.395781000
H 0.968346000 -7.228432000 =-0.550265000
0 1.414147000 -3.396820000 0.887302000
cyclohexanone
x y b4

C 0.957908000 -5.708662000 0.173714000
C -0.184625000 -5.109600000 0.982926000
C -0.243971000 -5.548905000 2.439374000
C -0.156918000 -7.086365000 2.572759000
C 1.059206000 -7.648481000 1.821424000
C 1.027584000 -7.243804000 0.339895000
H 0.846638000 -5.409111000 -0.880684000
H 1.897899000 -5.264462000 0.558811000
H -1.157792000 -5.142455000 2.901541000
H 0.629070000 -5.095746000 2.951041000
H -1.080895000 -7.535204000 2.160623000
H -0.118777000 -7.361601000 3.641721000
H 1.085483000 -8.749207000 1.913098000
H 1.989357000 -7.267500000 2.288080000
H 1.914579000 -7.632132000 -0.191424000
H 0.141741000 -7.697706000 -0.144165000
0 -1.000731000 -4.335376000 0.495120000

9. Isooctane ozonation

Table S6. Operating Conditions for Isooctane Ozonation

P/ T 6.2 MPa/280 K
isooctane 0.012 mol (2 mL)
CO, 0.29 mol (14 mL)
Po3 1.3 bar

Initial [O3/C8ng] 0.38

Reaction time 1h
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Figure S8: IR absorbance peaks during ozonation of isooctane. (operating conditions are given in
Table S6).
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Figure S9. Variety of oxygenated species detected in the GC/MS spectra of product mixture from
isooctane ozonation in liquid CO,. Product distribution suggests that ozone prefers attack at the
primary carbon.
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