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We demonstrate liquid CO, (8 °C, 4.4 MPa) as a benign medium to perform safe ozonolysis of phenanthrene
at near-ambient temperatures. The ozonolysis products consist of several monomeric oxidation products
such as diphenaldehyde, diphenic acid and phenanthrenequinone as well as polymeric structures up to
1130 Da. The observed chemical shifts (*H-6.03 ppm, 3C-104.38 ppm) in 2D-NMR spectra of the

iigzgi%igs%fsg:sgfggél products confirm the formation of secondary ozonide. Based on the range of observed products,
a Criegee-type mechanism is proposed. The ability to deconstruct phenanthrene and produce

DOI: 10.1035/d1ra06642k oxygenated precursors via this technique is particularly of interest in creating new materials from
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Introduction

Phenanthrene (C;4H;,) is a polycyclic aromatic hydrocarbon
(PAH) present in coal tar and petroleum residues. It is ubiqui-
tous in ambient air, surface water and food products, origi-
nating from incomplete fossil fuel and wood combustion.
Phenanthrene is nearly insoluble in water but soluble in many
low polarity organic solvents such as those listed in Table 1. To
date, there is limited commercial use of phenanthrene for
producing useful chemicals. Catalytic hydrogenation>* and
cracking®” of phenanthrene as a model compound have been
reported in the context of developing technologies for upgrad-
ing PAHs. Compared to these routes, oxidation is attractive for
selectively transforming PAHSs to useful chemicals, particularly
those possessing functional groups such as aldehyde and/or
carboxylic acid. Such oxidation products can be valuable
precursors for making a host of new materials with tunable
properties for specific applications including easily recyclable
polymers and fibers. For instance, diphenic acid has potential
commercial value as a plasticizer similar to phthalic anhydride
which is obtained from the oxidation of naphthalene,® and
phenanthrenequinone is useful as a photo-initiator during the
synthesis of photopolymers.®
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Ozone is an allotrope of oxygen that is highly reactive.
Industrial applications of ozone include water treatment,*
bleaching of lignin'* and the Emery processes for making aze-
laic acid and nonanoic acid.*> The ozonolysis of PAHs,
including phenanthrene, has been experimentally studied in
various organic solvents.”**® The reaction pathways and prod-
ucts (Scheme 1) are largely dependent on the choice of solvent
used. Participating solvents such as methanol react with the
carbonyl oxide (3 in Scheme 1) to form the peracetal compound.
By reduction or steam distillation, this peracetal compound was
found to form diphenaldehyde, which upon oxidation results in
the formation of diphenic acid or phenanthrenequinone. When
using alcohol/water mixture as the participating solvent,
diphenaldehyde has been reported to form in a single step.

In sharp contrast, a solvent such as chloroform does not
react with the carbonyl oxide 3 and has therefore been classified
as a non-participating solvent by Bailey and co-workers.'®

Table 1 Solubility of phenanthrene in 100 g of solvent?”

Solubility Solubility (g)
Solvent (g)at5°C at 10 °C
Methanol 1.8 2.4
Light petroleum, b.p. 60-85 °C 3.2 4
Ethanol 3.26 3.77
Glacial acetic acid — —
Carbon tetrachloride 9.8 12.66
Ether 20.64 23.84
Acetone 31.02 36.54
Chloroform 29.6 34.3
Benzene 29.86 36.66
Carbon disulfide 45.88 54.48
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Scheme 1 Reaction mechanism of ozonolysis of phenanthrene in
liquid COs.

Schmitt and O'Connor reported the formation of a mono-
ozonide during the ozonolysis of phenanthrene in chloroform
as solvent (reaction performed in a dry ice-methanol bath at
—78 °C)."” The molecular weight (MW) of this ozonide was re-
ported as approximately 223 Da, based on the Rast method that
correlates the melting point change of camphor (with and
without ozonide product) to the molecular weight of the
ozonide. These authors also reported that this ozonide can be
converted to dialdehyde by either catalytic reduction or hydro-
lysis reactions and to diphenic acid by KMnO, treatment
(oxidation). Bailey'**®* and Wibaut" reported on the ozonolysis
of phenanthrene in chloroform as solvent at similar conditions.
Both groups reported that the final ozonide product might be
polymeric in nature. The molecular weight of the ozonide was
reported to be 675 Da by Bailey's group and in the range of
1200-1860 Da by Wibaut's group. This discrepancy hampers
accrual of reliable mechanistic insights.

As noted, these previously reported studies of PAHs were
typically performed at very low temperatures (e.g., —78 °C in
a dry ice-methanol bath), presumably to ensure stability of the
energetic intermediates (such as low-molecular-weight ozon-
ides and peroxides) that are known to be unstable even at
ambient temperatures. Yet another concern with ozonolysis
studies is the propensity of organic solvents, including halo-
genated solvents such as chloroform, to ozone attack and the
formation of phosgene and flammable vapors.>***

In this work, we employ liquid CO, instead of organic and
halogenated solvents to perform phenanthrene ozonolysis
safely at near-ambient temperatures. CO, is inert to O; attack
and the presence of dense CO, (a flame retardant) in the vapor
phase eliminates flammability. The concept was previously
demonstrated for non-aromatic substrates such as fatty acid
methyl esters and cyclohexane.””* The extent of miscibility of
phenanthrene in liquid CO, was visually confirmed in a view-
cell reactor (ESI, pages S2-S37).

Results and discussion

A reaction cell equipped with an ultrasound transducer (to
facilitate mixing of gas and liquid phases) and a differential
pressure transducer to measure liquid CO, level (and thereby its
volume) was used in our ozonolysis experiments (ESI, pages S4-
S8f). This cell was filled with 10 mL of CO, at a desired
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temperature. A blank test performed in this closed-cell reactor
showed that >95% of phenanthrene can be recovered with an
acetone wash post-reaction, following careful CO, release by
depressurization. An ozonolysis experiment with feed O;-
:substrate = 1:1 was performed with a reaction duration of
15 min. The acetone cell wash containing the products was
centrifuged, and the clear upper layer was pipetted out carefully
until only 1-2 mL of acetone was left in the vial. The vial was
then left in the fume hood at room temperature until the
acetone was evaporated. A thin layer of white, translucent solid
material (“insoluble product”) was observed and weighed (Table
2). The acetone-soluble fraction was analyzed by HPLC (Table
2). As discussed later, the insoluble product was characterized
by matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOF), gel permeation chromatog-
raphy (GPC) and nuclear magnetic resonance (NMR) analyses.

From the results shown in Table 2, it can be inferred that the
organic C balance (based on acetone-soluble product fraction)
shows a deficit of 32%, suggesting that a significant amount of
the products is not either recoverable from the cell or quanti-
fiable by current analytical methods. Diphenaldehyde
(0.02 mmol or 4.2 mg) was still found as the main product in the
acetone wash. However, the cumulative weight of the soluble
products was significantly less than the amount of insoluble
product (13.9 mg).

Suspecting that the carbon deficit may be due to combustion
of the substrate and/or products, an attempt was made to
quantify water in the acetone cell wash of the products (ESI,
pages S8 and S91). The solvent from a control experiment
(without ozone) shows a water content of 0.01 wt% while the
acetone cell wash of product from the ozonolysis experiment
shows a water content of 0.02 wt%. This low-level moisture
content (relative to the expected amount of 0.13 wt% for
complete substrate combustion) confirms that combustion
reactions are insignificant during ozonolysis in liquid CO,
medium.

GPC analysis of the acetone-insoluble product was per-
formed by dissolving it in 5 mL of N,N-dimethylformamide
(DMF). As shown in Fig. S5, large fragments with molecular
weight up to 7000 Da were found in the dried insoluble ozonide.
To learn if these large molecules have a polymeric structure
(repeating unit in the molecule), MALDI-TOF analysis of the
insoluble ozonide product present in the acetone as a suspen-
sion was performed. The vial containing the suspension was not
dried to remove acetone to avoid polymerization during the
drying step.

The MALDI-TOF mass spectra of acetone-insoluble products
obtained from the high- and low-pressure ozonolysis experi-
ments are shown in Fig. 1(a) and (b). The results from both
spectra depict similar peak profiles. In both the spectra,
repeating m/z peaks are observed every 226 Da. This finding
indicates that the solid product is polymeric in nature and is in
agreement with the ozonide structure (monomer value of 226
Da) hypothesized by Bailey et al.**** Since sodium salt was used
for aiding the ionization, the observed peak at m/z 1153 Da in
both spectra corresponds to the sodium adduct of the polymeric
ozonide, indicating that the molecular weight of the polymeric
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6.03 ppm. The lack of apparent cross-peaks indicates that there
is no coupling between pairs of H-H nuclei at this position. The
HSQC (Fig. S8ct) confirms the bond of 'H at 6.03 ppm and "*C
at 104.38 ppm. The HMBC (Fig. S8df) detects heteronuclear
correlations over longer ranges of about 2-4 bonds. Herein, the
longer range of up to 3 carbons was found as peaks at 104 ppm,
128 ppm and 136 ppm, respectively. In summary, the proton at
a chemical shift of 6.03 ppm is not coupling with other nearby
protons and is directly bonded to a carbon at 104.38 ppm. This
proton resonance is also correlated to at least two aromatic
carbons at longer distances. Collectively, these observations
support the formation of a secondary ozonide with a trioxolane
ring (a five-membered C-O-O-C-O ring) in the ozonolysis
product. In addition, the chemical shifts ("H-6.03 ppm, “C-
104.38 ppm) are also close to reported values for secondary
ozonide.”

In addition to the products listed in Table 2, byproducts with
aromatic structures were found from the GC/MS analysis of the
acetone soluble solution, with molecular weight ranging from
181 to 219 Da. The total peak area of these byproducts from GC-
FID analysis is less than 5%.

Additional product molecules with molecular weight up to
7000 Da were also found in the GPC analysis of the acetone
wash solution (Fig. S6). This finding indicates that part of the
polymeric ozonide was dissolved in the acetone solution but not
quantified by the GC and HPLC analysis. These unaccounted
products will further bridge the organic C deficit.

Based on the experimental findings, we propose the ozonol-
ysis mechanism as shown in Scheme 1. The initial step involves
a cycloaddition of ozone to the 9-10 bond in the phenanthrene
leading to the formation of primary ozonide 2, which decays
readily to the carbonyl oxide 3. In a participating solvent such as
MeOH, the Criegee-type carbonyl oxide intermediate is rapidly
attacked by solvent; however, this reactivity is not observed in
liquid CO, as solvent. Instead, we propose the formation of two
types of secondary ozonide: a polymeric compound 5, formulated
on the basis of the monomer molecular weight determination by
MALDI-TOF; and a monomeric secondary ozonide 4 which
decays to give diphenaldehyde, as observed from the GC/MS
results. It is well documented in literature that the ozonolysis
of C-C double bond leads to the formation of two aldehydes from
the decay of secondary ozonide 4 and the release of hydrogen
peroxide (H,0,) via hydrolysis mechanism.* The diphenalde-
hyde can be converted to 9,10-phenanthrenequinone in an
oxidative dehydrogenation step, which could be a more feasible
pathway than its oxidation to form the diphenic acid. The
diphenic acid could also be formed from phenanthrenequinone
via an oxidative ring-opening route. Experimental evidence has
been reported that the oxidative cleavage of C-C bonds in phe-
nanthrenequinone results in the formation of diphenic acid by
transfer of lattice oxygen from an appropriate transition metal
oxide such as V,0;.2"*®

Conclusions

The approach established herein should enable systematic
studies of the ozonolysis of various PAHs in liquid CO, to

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

generate a knowledge base of ozone-initiated oxidation mech-
anism and value-added products associated with such
compounds. Further, as demonstrated elsewhere,** continuous
ozonolysis with controlled residence times will facilitate better
tuning of product selectivity compared to batch operation.
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