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ABSTRACT: Most methods for oxidative deconstruction of polystyrene produce benzoic acid, which has a low market size relative 
to the production of waste polystyrene. The present study demonstrates a method for conversion of polystyrene into terephthalic acid, 
a high-volume chemical, by introducing a carbon-containing fragment into the para position of the phenyl groups in polystyrene, 
followed by Mn/Br-catalyzed autoxidation. Acetylated polystyrene is shown to be the most effective substrate for oxidation, affording 
an 81% yield of terephthalic acid. Mechanistic studies highlight the effectiveness of bromide as a cocatalyst and offer insight into the 
underlying reasons the acetyl group undergoes efficient oxidation.  

INTRODUCTION 
Polystyrene (PS) is among the top five highest volume 

polymers produced globally, but it is rarely recycled after use, 
with the majority going to landfills.1 Aerobic oxidation methods 
offer a potential strategy for chemical recycling of PS,2,3 as they 
are thermodynamically favorable, have potential to tolerate 
impurities or additives, and can generate value-added products 
that can re-enter the chemical value chain. Most existing 
methods for oxidation of PS generate benzoic acid (Figure 
1a);4–7 however, the comparatively small market demand of 
benzoic acid motivates efforts to access alternative products, 
such as phenol,8 or to develop integrated processes that convert 
benzoic acid into other products via bioconversion.5,9 
Terephthalic acid (TA), a high-volume monomer used to make 
poly(ethylene terephthalate) (PET), represents an appealing 
target for waste PS valorization. It is produced industrially by 
liquid-phase oxidation of p-xylene using a multicomponent 
Co/Mn/Br catalyst system, commonly known as the Mid-
Century (MC) process (Figure 1b).10,11 We postulated that 
selective introduction of a methyl group or another carbon-
containing substituent onto the aromatic rings of PS could 
enable selective oxidative conversion of the modified PS into 
TA (Figure 1c). This strategy would resemble the industrial 
process for conversion of toluene into terephthalic acid via 
selective methylation of toluene to access p-xylene,12 prior to 
oxidation in the MC process. During our exploration of this 
strategy, De Vos and co-workers reported a successful 
implementation of this concept.13 They introduced acetyl or 
isopropyl groups onto the phenyl rings of PS and subsequently 
oxidized the modified polymers using a Mn/N-

hydroxyphthalimide (NHPI) catalyst system (4/60 wt%, 
respectively). Their best results were obtained with acetylated  

 
Figure 1. (a) Oxidative degradation of polystyrene (PS) typically 
yields benzoic acid. (b) Mid-Century process for industrial 
production of terephthalic acid from p-xylene using Co/Mn/Br 
catalysis. (c) The proposed strategy involves functionalizing PS 
with a carbon-containing group, enabling its subsequent oxidative 
transformation into terephthalic acid. 
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PS, which afforded terephthalic acid (TA) in yields up to 55%, 
along with phthalic acid derived from NHPI hydrolysis. In our 
parallel studies, we find that bromide offers significant 
advantages over NHPI as a cocatalyst. We also systematically 
evaluate a range of carbon-containing substituents and identify 
the acetyl group as particularly effective when paired with a 
Mn/Br-based oxidation catalyst. In line with the findings of De 
Vos and co-workers, we observe that acetylated PS is a highly 
efficient substrate, achieving an 81% yield of TA under our 
optimized conditions. Mechanistic studies further elucidate the 
key features that contribute to the high efficiency of the Mn/Br 
catalytic system. 
RESULTS AND DISCUSSION 

The present study was initiated in parallel with our recent 
investigation of NHPI-mediated autoxidation of PS to generate 
phenol.8 NHPI is well-established as a hydrogen-atom-transfer 
mediator in hydrocarbon autoxidation,14–16 including reactions 
with PS.5,8,9,13,17,18 NHPI can be used as a substitute for bromide 
in MC oxidations, avoiding the need for specialized corrosion-
resistant reactors;19 however, the oxidized state of NHPI, 
phthalimide N-oxyl (PINO), has poor stability and undergoes 
ring-opening decomposition at elevated temperatures.15,16,20–22 
These considerations prompted us to compare Mid-Century 
(MC)-type oxidation conditions using either NHPI or bromide 
as a cocatalyst. Specifically, two experiments were conducted 
with cumene as a model compound for PS at 140 °C with 
100 psi O2 in AcOH, employing either a Co/Mn/NHPI or 
Co/Mn/Br catalyst system (Figure 2; see Section 1c of the 
Supporting Information for safety considerations because the 
conditions fall within the flammability region of acetic acid and 
O2

23,24). Reactions were monitored by gas chromatography–
mass spectrometry with flame ionization detection (GC-
MS/FID). In both cases, cumene was rapidly converted, and 
acetophenone (ACP) was observed as an intermediate en route 
to benzoic acid. In the NHPI-catalyzed reaction, NHPI was 
consumed within 10 minutes, and ACP did not fully convert to 
benzoic acid, resulting in a stalled yield of 77% (Figure 2, left). 
In contrast, when NaBr was used as a cocatalyst, cumene 
underwent more rapid and nearly quantitative conversion to 
benzoic acid. These results are consistent with the known 
thermal instability of NHPI and suggest that, under these  

 
Figure 2. Comparison between NHPI (left) and NaBr (right) as 
cocatalysts in Co/Mn-catalyzed oxidation of cumene. 

conditions, NHPI acts more as a ‘radical initiator’ than as a true 
‘mediator’ or ‘cocatalyst’. 

The superior performance observed with bromide led us to 
adopt bromide-based systems in subsequent studies. We then 
sought to identify the carbon-based fragments that could be 
introduced into PS for conversion to TA under MC oxidation 
conditions. These efforts were initiated with cumene-derived 
model compounds, with para substituents including methyl (1), 
bromomethyl (2), chloromethyl (3), formyl (4), and acetyl (5) 
groups (Figure 3a). Methods to introduce each of these 
substituents are known in the literature.12,25–32 MC oxidation 
conditions with reduced catalyst loading (2/2/4 mol% 
Co/Mn/Br) were adopted to accentuate the differences between  
 

 
Figure 3. (a) Evaluation of carbon-containing substituents for MC 
oxidation to produce terephthalic acid. (b) Optimization of 
autoxidation conditions using compound 5 as a model substrate. 
aIsolated yield. bThe reaction was carried out on a 30 mmol scale 
of 5 using titanium Parr reactor. Reaction conditions: 1.5 mmol or 
30 mmol of 5, 5 mol% of Co(OAc)2•4H2O, 5 or 10 mol% of 
Mn(OAc)2•4H2O, 10 mol% of NaBr, O2 (100 or 200 psi) in AcOH 
at 140 °C or 180 °C. 
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the different substrates. As expected, the methyl derivative 1 
underwent efficient oxidation, affording TA in 62% yield, while 
lower yields were observed with the halomethyl derivatives 2 
and 3. The formyl and acetyl derivatives 4 and 5 showed good 
reactivity, with the highest yield observed with acetyl (67%). 
We therefore focused on optimization of MC conditions for 
oxidation of 5 (Figure 3b). Each of the catalyst components 
was evaluated, in addition to consideration of reaction 
concentrations, temperatures, and O2 pressures (see section 3b 
of Supporting Information for full reaction screening data). The 
most notable outcome of these studies was the observation that 
cobalt had little impact on the reaction outcome.33 Optimal 
results could be accessed with a Mn/Br-based catalyst system, 
affording 82% yield of TA with 0.3 M substrate concentration 
at 180 °C and 200 psi O2 (entry 5, Figure 3b).  

These optimized conditions were then applied to the 
oxidation of acetylated polystyrene (AcPS). Conditions 
reported previously in the literature were used for PS 
acetylation, using aluminum chloride (AlCl3) and acetyl 
chloride (AcCl) in CS2 as a solvent.30–32 These conditions led to 
acetylation of 95% of the phenyl groups in PS (Figure 4a), as 
determined by 1H NMR analysis of the resulting polymer 
(Figure 4b; see section 4a in the Supporting Information for 
further discussion). IR spectra of the AcPS showed a strong 
C=O stretch peak at 1680 cm-1 and a C-(C=O)-C bend peak at 
1269 cm-1 (Figure 4c). These peaks are similar to the IR spectra 
of acetophenone (ACP), consistent with incorporation of acetyl 
group on the phenyl groups of PS. GPC analysis revealed that 
there is no significant change in the molecular weight between 
PS and AcPS, indicating that acetylation does not induce chain-
scission or cross-linking (Figure 4d). Literature precedents 
raised the possibility of catalytic Friedel-Crafts acylation,34–37 
but attempted reactions with PS were unsuccessful (see Table 
S2 for details). Acetylation of polystyrene with ethenone (i.e., 
ketene) has been demonstrated with substoichiometric (33 
mol%) AlCl330 and could be considered for large scale 
applications. 

The AcPS was then subjected to the optimized MC 
oxidation conditions. The highest yield of TA (81% with respect 
to acetylated phenyl rings) was observed after 4 h (Figure 4e). 
This outcome represents an improvement over the 55% yield of 
TA obtained with a Mn/NHPI catalyst system,13 aligning with 
the improved performance of bromide relative to NHPI in the 
reaction of cumene in Figure 2. 

These observations, together with the previous observations 
of De Vos and coworkers,13 prompted us to consider the origin 
of the favorable reactivity of an acetyl group in this process. To 
probe this issue, we compared the reactivity of substrates 1 and 
5, which feature a para-methyl or -acetyl group in cumene, 
under the optimized Mn/Br oxidation conditions (Figure 5).38 
Time-course data with both substrates were obtained from GC-
MS/FID analysis and revealed that both reactions undergo 
initial oxidative conversion of the isopropyl group into an acetyl 
group, forming 1,4-diacetylbenzene 5a (Figure 5a and Figure 
S5a) or p-methylacetophenone 1a (Figure 5b and Figure S5b). 
The acetyl group is then converted to a carboxylic acid, 
affording p-acetylbenzoic acid 5c and p-toluic acid 1b, 
respectively. TA is not soluble under the reaction conditions, 
and it was quantified following filtration after stopping the 
reaction (71% yield of TA from 5 and 53% yield from 1, after 
60 min). In addition to these major pathways, minor pathways 

 
Figure 4. Sequential acylation/oxidation of polystyrene to produce 
terephthalic acid. (a) Synthesis of acetylated polystyrene (AcPS). 
Reaction conditions: 2.08 g of PS, 40 mmol of AlCl3, 40 mmol of 
AcCl in CS2 at 23 °C for 4 h. (b) Calculation of acetylation ratio 
based on 1H NMR spectra of AcPS. (c) IR spectra of AcPS. (d) GPC 
analysis of starting PS and AcPS. (e) Application of Mn/Br 
oxidation conditions to AcPS. Catalyst mol% loading is defined 
with respect to the total aromatic subunits in AcPS. 
 
are also evident in the reactions, leading to the formation of p-
isopropylbenzoic acid 5b via oxidation of the acetyl group in 5 
or the methyl group in 1.  

Collectively, these data reveal significantly less build-up of 
reaction intermediates in the reaction of 5 relative to the 
reaction of 1. In the former case, only the diacetyl derivative 5a 
accumulates to a significant extent. The negligible formation of 
5b shows that oxidation of the isopropyl group in 5 is more 
facile than oxidation of the acetyl group (Figure 5a); however, 
the minor accumulation of 5c shows that the acetyl group is also  
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readily oxidized. In contrast, the reaction of 1 shows significant 
build-up of intermediates 1a and 1b. Preferential oxidation of 
the isopropyl group over the methyl group in 1 aligns with the 
relative bond dissociation energies of 3° and 1° C–H bonds.39 
The least reactive intermediate in the conversion of 1 to TA is 
p-toluic acid 1b, which does not undergo complete conversion 
after 1 h (Figure 5b). p-Toluic acid has also been identified as 
a problematic intermediate in the industrial MC oxidation of p-
xylene to TA.10 These results with substrates 5 and 1 suggest 
that the favorable reactivity of AcPS occurs by the good 
oxidative reactivity of the acetyl group under the Mn/Br 
conditions and avoidance of problematic intermediates 
analogous to 1b.  
CONCLUSION 

The results presented here establish improved conditions for 
conversion of polystyrene (PS) into terephthalic acid (TA), a 
high-volume commodity chemical produced at a scale suitable 
for waste PS recycling. We demonstrate that bromide is a more 
effective cocatalyst rather than NHPI, significantly enhancing 

the yield of TA that can be accessed from AcPS and avoiding 
byproducts associated with NHPI degradation during the 
reaction. Time-course analysis highlights the facile oxidative 
conversion of the acetyl group into a carboxylic acid. These 
observations, together with the observation that cobalt is not 
needed to promote efficient reactivity, are the focus of an 
ongoing mechanistic study.  
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1. General experimental considerations 
1a.  Materials and reagents 

All reagents were purchased and used as received unless otherwise noted. p-cymene, p-
isopropylbenzylchloride and cumene were purchased from TCI America. Polystyrene (Mw ~ 192 kDa), p-
isoproylbenzaldehyde, p-toluic acid, p-methylacetophenone, diacetylbenzene, p-isopropylbenzoic acid, p-
acetylbenzoic acid, terephthalic acid, cobalt(II) acetate tetrahydrate, manganese(II) acetate tetrahydrate, 
sodium bromide, N-methyl-N-(trimethylsilyl)trifluoroacetamide, aluminum chloride and acetyl chloride 
were purchased from Sigma Aldrich. p-isopropylbenzylbromide, p-isopropylacetophenone were purchased 
from Ambeed. All cobalt and manganese acetates used in this study were in their hydrated forms. 
1b.  Equipment and instrumentation 

NMR spectra (1H and 13C) were obtained with either a Bruker Avance III 400 MHz spectrometer or a 
Bruker Avance III 500 MHz spectrometer referenced against the residual solvent peaks: CDCl3 peaks at 
7.26 ppm (1H) and 77.16 ppm (13C); (CD3)2SO peaks at 2.50 ppm (1H) and 39.52 ppm (13C); multiplicities 
are described using the following abbreviations: s = singlet, d = doublet, dd = doublet of doublet, m = 
multiplet. High pressure oxidation reactions were performed with a 75 ml round-bottom glass pressure 
vessel (synthware, OD: 60 mm, Length: 139 mm, GL Thread: 15 mm) or a 300 mL titanium Parr reactor 
vessel with mechanical stirrer. PTFE tubing was purchased from Sigma-Aldrich (Pmax = 500 psig, Tmax = 
250 °C). GPC analysis was performed using a Viscotek GPCmax/VE 2001 instrument fitted with set of two 
PolyPore columns (molecular weight range: 500-400,000). Polymer samples were prepared with THF 
(concentration: 2.5 mg/mL) then injected at a flow rate of 1 mL/min at 40 °C. Polymers were characterized 
by their refractive index (RI) using a Viscotek model 302-050 tetra detector array. Omnisec software 
(Viscotek, Inc.) was used for initial data processing such as baseline correction and applying molecular 
weight calibrations. Molecular weight calibrations were determined using polystyrene standards (MW 580–
364,000 Da). Fourier-transform infrared (FTIR) spectra were obtained by using diamond crystal attenuated 
total reflection (ATR) geometry on a Bruker Tensor 27 spectrometer at room temperature. Scan range was 
4000–600 cm−1 and accumulations of 32 scans. 

Gas chromatography experiments were performed using an Agilent 8890 GC system coupled to 5977C 
mass spectrometer and fitted with an DB-35ms Ultra Inert column (30 m, 0.320 mm, 0.25 μm; Part No. 
123-3832UI). Helium gas was used as a carrier gas. Samples were injected in at an injector temperature of 
250 °C. The oven temperature program profile was as follows: column oven was kept at 50 C° for 3 min 
(initial temperature) and increased at 8 C°/min to 150 C°, and 15 C°/min to 300 C°. 
Qualitative GC-MS analysis was performed with Agilent 8890 GC system equipped with MS 5977C 
(electron ionization (EI) mode) to identify the products using ‘Agilent MassHunter Qualitative Analysis 
10.0’ software. After identifying the products, quantitative analysis was performed with flame ionization 
detectors (FID) signal by using the effective carbon number (ECN) concept1 to calculate the yields of 
products.  
1c.  Safety considerations 
I. The reagents (cumene, p-cymene, p-isopropylacetophenone) used in this paper can form benzylic 
hydroperoxides, which are potentially explosive. These reagents were tested for peroxides prior to use. 
II. The oxidation conditions employed in this study (e.g., 100 psi O2) exceed the experimental limiting 
oxygen concentration (LOC) for safe aerobic oxidation. For reference, the LOC of acetic acid is reported 
as 9.6 vol% at 20 bar and 200 °C.2 These limits were exceeded in our small scale experiments in order to 
avoid excessively high pressures associated with use of dilute O2, which also represents a safety hazard. To 
mitigate associated safety risks, all oxidation reactions were conducted in pressure reactors equipped with 
double blast shields and pressure relief valves. Larger scale reactions should not be conducted without 
conducting full safety review. 
III. The use of AlCl3 and AcCl generates HCl, and the use of NaBr produces Br radicals and HBr. In both 
cases, a glass or titanium reactor is required to prevent corrosion and reactor damage. 

.  
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2. General experimental procedure 
2a.  General experimental procedure with pressure reactor (glass reactor) 

 

 
Figure S1. Glass pressure reactor setup. 

 
Reactor setup: The 75 mL glass pressure vessel (Synthware, OD: 60 mm, Length: 139 mm, GL Thread: 
15 mm) was equipped with custom-made cap which is equipped with NPT Adapter Assembly PEEK (1/8 
inch NPT male x 1/4 inch female) and connected to the O2 cylinder using the PEEK tubing equipped with 
Idex Flangeless Fitting (1/8 inch). Idex back pressure regulator was equipped into the O2 line for additional 
safety. 
 
Reaction setup: To the vessels were added sequentially: a magnetic stir bar, substrate (1.50 mmol), 
Co(OAc)2•4H2O (18.7 mg, 0.075 mmol), Mn(OAc)2•4H2O (18.4 mg, 0.075 mmol or 36.8 mg, 0.15 mmol), 
NaBr (15.4 mg, 0.15 mmol) and AcOH (15.0 mL). The vessel was pressurized with O2 (100 psi). The 
mixture was stirred at 500 rpm in a pre-heated oil bath. 
 
Reaction quench: After 1 h, the vessel was cooled down to 0 °C with ice bath and depressurized. p-
Terephthalic acid was simply isolated by filtration without further purification. From the filtrate, 25 μL 
aliquot was removed to the separated GC 2 mL vial equipped with 350 μL glass flat insert, and mixed with 
100 μL of N-methyl-N-(trimethylsilyl)trifluoroacetamide for trimethylsilylation of aromatic carboxylic acid 
products. After 2 h, 25 μL of a stock solution (prepared by dissolving 5.001 g of 1,3-dichlorobenzene in 
450.24 g of ethyl acetate; 6.8 mM) of the internal standard was added into the vial. Then, 200 μL of ethyl 
acetate was added to dilute the sample. GC/MS analysis was performed with the prepared vial sample. 
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2b.  General experimental procedure with Parr reactor (titanium reactor) 
 

 
Figure S2. Titanium Parr reactor setup. 

Reactor setup: The titanium Parr reactor vessel was equipped with heating mantle. Zaiput back-pressure 
regulator (200 psi, N2) was coupled into the reactor to make continuous O2 flow environment at 200 psi. 
Additionally, PTFE tubing with knob was inserted into the reactor to collect reaction mixture during the 
MC oxidation reaction.  

 
Reaction setup: To the vessels were added sequentially: substrates (30.0 mmol), Co(OAc)2•4H2O (373.6 
mg, 1.50 mmol), Mn(OAc)2•4H2O (367.6 mg, 1.50 mmol or 735 mg, 3.0 mmol), NaBr (308.7 mg, 3.0 
mmol) and AcOH (100 mL). The vessel was pressurized with O2 (200 psi). The mixture was stirred at 500 
rpm and heated to desired temperature by temperature controller.  
 
Reaction quench: After 1 h, the vessel was cooled down to 0 °C with ice bath and depressurized. p-
Terephthalic acid was simply isolated by filtration without further purification. From the filtrate, 25 μL 
aliquot was removed to the separated GC 2 mL vial equipped with 350 μL glass flat insert, and mixed with 
100 μL of N-methyl-N-(trimethylsilyl)trifluoroacetamide. After 2 h, 25 μL of a stock solution (prepared by 
dissolving 5.001 g of 1,3-dichlorobenzene in 450.24 g of ethyl acetate; 6.8 mM) of the internal standard 
was added into the vial. Then, 200 μL of ethyl acetate was added to dilute the sample. GC/MS analysis was 
performed with the prepared vial sample. 
For time-course study, approximately 50-80 μL of crude mixture was collected by the PTFE tubing at each 
time point, and 25 μL aliquot was removed to the separated GC 2 mL vial equipped with 350 μL glass flat 
insert and mixed with 100 μL of N-methyl-N-(trimethylsilyl)trifluoroacetamide. After 2 h, 25 μL of a stock 
solution (prepared by dissolving 5.001 g of 1,3-dichlorobenzene in 450.24 g of ethyl acetate; 6.8 mM) of 
the internal standard was added into the vial. Then, 200 μL of ethyl acetate was added to dilute the sample. 
GC/MS analysis was performed with the prepared vial sample. 
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2c.  General experimental procedure with flow reactor 

Figure S3. Flow reactor setup. 

Reactor setup: The oxidation was carried out in a flow reactor equipped with a 1 mL stainless steel coil 
containing PTFE tubing. Two Zaiput back-pressure regulators were connected to the system for O2 and 
liquid flow. The coil was heated using an oil bath. The reaction mixture was delivered using a 10 mL 
Hamilton Gastight Luer Lock syringe driven by a syringe pump. The back-pressure regulators were 
modified to enable continuous flow without air bubbles in the tubing (Optimized setup: back-pressure 
regulator for O2: 80 psi, back-pressure regulator for liquid flow: 80 psi). 

 
Reaction setup: To the 20 mL vial were added sequentially: substrate (1.50 mmol), Mn(OAc)2•4H2O (36.8 
mg, 0.15 mmol), NaBr (15.4 mg, 0.15 mmol) and AcOH (15.0 mL). 10 mL of the reaction mixture in the 
vial were drawn into a Hamilton Gastight Luer Lock syringe, which was then mounted on a syringe pump 
for delivery. The reaction was initiated by turning on the syringe pump, and samples were collected at 
different time points by adjusting the flow rate. (For example, a flow rate of 1 mL/min corresponds to a 1 
min residence time in the 1 mL flow reactor.) 
 
Reaction quench: For time-course study, approximately 50-80 μL of crude mixture was collected from the 
PTFE tubing outlet at each time point, and 25 μL aliquot was removed to the separated GC 2 mL vial 
equipped with 350 μL glass flat insert, and mixed with 100 μL of N-Methyl-N-
(trimethylsilyl)trifluoroacetamide. After 2 h, 25 μL of a stock solution (prepared by dissolving 5.001 g of 
1,3-dichlorobenzene in 450.24 g of ethyl acetate; 6.8 mM) of the internal standard was added into the vial. 
Then, 200 μL of ethyl acetate was added to dilute the sample. GC/MS analysis was performed with the 
prepared vial sample. 
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3. Reaction optimization 
3a.  Reaction time-course study of Co/Mn/NHPI vs Co/Mn/Br catalytic system 
 

 
Figure S4. Reaction time-course study using different catalytic systems under the following reaction conditions: 

(a) Co/Mn/NHPI (5/5/10 mol%, same data as Figure 2 of the main manuscript) (b) Co/Mn/Br (5/5/10 mol%, same 
data as Figure 2 of the main manuscript) (c) Mn/NHPI (10/10 mol%) (d) Co/Mn (5/5 mol%). 

The reaction was set up and analyzed following the general experimental procedure (section 2a of 
Supporting Information), using a glass reactor. NHPI decomposed in less than 10 minutes under the 
Co/Mn/NHPI conditions (Figure S4a), with only a small amount of acetophenone remaining. Under 
Co/Mn/Br conditions, cumene was fully converted to acetophenone and subsequently to benzoic acid 
(Figure S4b). The decomposition of NHPI was slower under the Mn/NHPI conditions (Figure S4c), but 
still occurred within 20 minutes. In the absence of NHPI or a Br promoter, trace benzoic acid was formed 
within 60 min. 
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3b.  MC oxidation reaction optimization with compound 5  
 

Table S1. Catalysts screening for the MC oxidation of compound 5. 

 

The reaction was set up and analyzed according to the general experimental procedure described in 
Section 2 of the Supporting Information, using a glass reactor (entries 1–7) or a titanium reactor (entry 8) 
with varying catalyst loadings and concentrations.  
 

1H-NMR (500 MHz, DMSO) δ 8.04 (s, 4H) 
13C-NMR (126 MHz, DMSO) δ 166.75, 134.49, 129.55 
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4. Experimental procedure of polystyrene acetylation and oxidation  
4a.  Synthesis of acetylated polystyrene 

 
Scheme S1. Synthesis of acetylated polystyrene. 

 
Acetylated polystyrene (AcPS) was prepared by following previous literature.3 To a flame-dried Schlenk 
flask charged with a stir bar, polystyrene (2.08 g, 20 mmol) was fully dissolved in 300 mL of CS2 and AlCl3 
(5.3 g, 40 mmol, 2.0 equiv.) was added in one portion at 0 °C. The mixture was warmed to 23 °C under 
vigorous stirring for 1 h. Acetyl chloride (2.9 mL, 40 mmol, 2.0 equiv.) was added in the mixture dropwise 
and stirred for additional 3 h. The reaction mixture was added to ice followed by the addition of 
concentrated HCl (50 mL). 100 mL of CS2 was added into the crude mixture, and transferred to a separatory 
funnel. Organic layer was collected and evaporated, then re-dissolved in 50 mL of THF. The crude mixture 
was precipitated into excess methanol (200 mL), and dried under vacuum to afford desired product (AcPS, 
2.52 g, 95% acetylation ratio by 1H NMR, 88% mass recovery). 

 
Acetylated polystyrene (AcPS) 
1H-NMR (500 MHz, CDCl3) δ 7.28-7.75 (br m, 2H), 6.15-7.16 (br m, 2H) 2.49 (br s, 3H) 
1.10-2.15 (br m, 3H) 
 
The NMR spectra matched with previously reported literature.3,4 
 
 

Calculation of the acetylation (%): The acetylation ratio was calculated by 1H NMR, as described in 
Figure 4b.  
 
𝐴𝑐𝑒𝑡𝑦𝑙𝑎𝑡𝑖𝑜𝑛	(%) =

𝑇ℎ𝑒	𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙𝑠	𝑜𝑓	𝑚𝑒𝑡𝑦ℎ𝑙	𝑝𝑟𝑜𝑡𝑜𝑛𝑠	𝑜𝑓	𝑡ℎ𝑒	𝑎𝑐𝑒𝑡𝑦𝑙	𝑔𝑟𝑜𝑢𝑝	
𝑇ℎ𝑒	𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙𝑠	𝑜𝑓	𝑏𝑒𝑛𝑧𝑦𝑙𝑖𝑐	𝑎𝑛𝑑	𝑚𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒	𝑝𝑟𝑜𝑡𝑜𝑛𝑠	𝑜𝑓	𝑡ℎ𝑒	𝑏𝑎𝑐𝑘𝑏𝑜𝑛𝑒		 = 	

1.00
1.05 	= 95% 

 
 

Calculation of the mass recovery (%): The average molar mass (Mavg) of the 95% acetylated polystyrene 
was calculated according to a previously reported procedure.4 
 

𝑀!"# = 146	 E
𝑔
𝑚𝑜𝑙F × 0.95	 + 104 E

𝑔
𝑚𝑜𝑙F × 0.05 = 143.9	(

𝑔
𝑚𝑜𝑙) 

 
Starting mmol of polystyrene = 20 mmol = 0.02 mol 
Theoretical maximum mass of 95% acetylated polystyrene = 143.9	 ' !

"#$
( 	× 0.02 = 2.88 g 

Experimental mass of 95% acetylated polystyrene = 2.52 g 
 

𝑀𝑎𝑠𝑠	𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦	(%) =
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙	𝑚𝑎𝑠𝑠	

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙	𝑚𝑎𝑥𝑖𝑚𝑢𝑚	𝑚𝑎𝑠𝑠	 = 	
2.52
2.88 	= 88% 
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4b.  Additional screening for catalytic acetylation of polystyrene 
 
Table S2. Additional screening for catalytic acetylation of polystyrene using acetic anhydride (Ac2O, left 

column) and acetyl chloride (AcCl, right column). 

 
 

To a flame-dried Schlenk flask charged with a stir bar and polystyrene (208 mg, 2.0 mmol), fully dissolved 
in 10 mL of DCE:PhNO2 (9:1), catalysts (as marked in Table S2) was added in one portion at 0 °C. The 
mixture was warmed to 23 °C under vigorous stirring for 1 h. Acetyl chloride (285 μL, 4.0 mmol, 2.0 
equiv.) was added in the mixture and stirred for additional 3 h. The reaction mixture was added to ice 
followed by the addition of concentrated HCl (5 mL). 10 mL of DCE:PhNO2 (9:1) was added into the crude 
mixture, and put into separatory funnel. Organic layer was collected and evaporated, then re-dissolved in 5 
mL of THF. The crude was precipitated into excess methanol (20 mL), and dried under vacuum to afford 
desired product. Acetylation ratio was calculated by 1H NMR. 

 
 

  

n n

O

Acid (x equiv.)
Ac2O (2.0 equiv.)

DCE:PhNO2 (9:1)
60 °C, 3 h

Entry Acids (equiv.) Acetylation 
ratio (%)

1
2
3
4
5
6
7
8
9

SiO2-OSO3H (100 wt%) 
SiO2-AlCl3 (100 wt%)

Fe2O3 (1.0 equiv.)
ZnO (1.0 equiv.)

AlPO12W40 (100 wt%)
H3PO12W40 (100 wt%)
Ga (OTf)3 (0.5 equiv.)
Ga(OTf)3 (1.0 equiv.)
NaFeCl4 (1.0 equiv.)

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

N.D.=Not detected

n n

O

Acid (x equiv.)
AcCl (2.0 equiv.)

DCE:PhNO2 (9:1)
60 °C, 3 h

Entry Acids (equiv.) Acetylation 
ratio (%)

1
2
3
4
5
6
7
8
9

SiO2-OSO3H (100 wt%) 
SiO2-AlCl3 (100 wt%)

Fe2O3 (1.0 equiv.)
ZnO (1.0 equiv.)

AlPO12W40 (100 wt%)
H3PO12W40 (100 wt%)
Ga (OTf)3 (0.5 equiv.)
Ga(OTf)3 (1.0 equiv.)
NaFeCl4 (1.0 equiv.)

N.D.
N.D.
N.D.

5
N.D.
N.D.

6
8

Crosslinking
N.D.=Not detected
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4c.  Early reaction time point using flow reactor 
 

 

 

 
Figure S5. Time-course reaction profile of the oxidation reaction of 1 (a) and 5 (b) using flow reactor. 

To clarify the major oxidation pathways of compounds 1 and 5, early reaction time points (<10 min) were 
investigated. A flow reactor was selected for these experiments, as the glass reactor and titanium Parr 
reactor were not suitable for capturing early time points due to delayed heat transfer and temperature 
equilibration. The reaction was set up and analyzed following the general experimental procedure (section 
2c of Supporting Information). At the 1 min and 2 min time points, compound 1 was clearly oxidized to 1a 
with high mass balance. Similarly, compound 5 was oxidized to 5a with high mass balance at the early 
reaction time points, indicating that 1a and 5a are the major products formed through the primary oxidation 
pathways.  
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4d.  Oxidation of acetylated polystyrene 
 
Scheme S2. MC oxidation of AcPS to aromatic oxygenates. 

 
Reaction setup: To the vessels were added sequentially: AcPS (2.52 g, synthesized from section 4a), 
Mn(OAc)2•4H2O (409.3 mg, 1.67 mmol), NaBr (171.8 mg, 1.67 mmol) and AcOH (100 mL). The vessel 
was pressurized with O2 (200 psi). The mixture was stirred at 500 rpm and heated to 180 °C by temperature 
controller system. 
 
Reaction quench: After 1 h, the vessel was cooled down to 0 °C with ice bath and depressurized. p-
Terephthalic acid was simply isolated by filtration without further purification (13.4 mmol, 81% yield).  

 

1H-NMR (500 MHz, DMSO) δ 8.04 (s, 4H) 
13C-NMR (126 MHz, DMSO) δ 166.75, 134.49, 129.55 

 

 

Side product analysis 
I. Analytic method for precipitate (terephthalic acid) 
The filtered precipitate (10 mg) was treated with 200 μL of N-methyl-N-(trimethylsilyl)trifluoroacetamide 
and heated at 60 °C for 3 h. Once a homogeneous solution was obtained, 25 μL aliquot was removed to the 
separated GC 2 mL vial equipped with 350 μL glass flat insert. Then, 25 μL of a stock solution (prepared 
by dissolving 5.001 g of 1,3-dichlorobenzene in 450.24 g of ethyl acetate; 6.8 mM) of the internal standard 
was added into the vial. Then, 200 μL of ethyl acetate was added to dilute the sample. GC/MS analysis was 
performed with the prepared vial sample. Phthalic acid (0.01 mmol, 0.08%) was observed as a side product 
in the precipitate. The primary impurity formed in the reaction is benzoic acid, but it remains soluble in 
AcOH and is only detected in the filtrate (see below). 
II. Analytic method for filtrate  
From the filtrate, 25 μL aliquot was removed to the separated GC 2 mL vial equipped with 350 μL glass 
insert and mixed with 100 μL of N-methyl-N-(trimethylsilyl)trifluoroacetamide for trimethylsilylation of 
aromatic carboxylic acid products. After 2 h, 25 μL of a stock solution (prepared by dissolving 5.001 g of 
1,3-dichlorobenzene in 450.24 g of ethyl acetate; 6.8 mM) of the internal standard was added into the vial. 
Then, 200 μL of ethyl acetate was added to dilute the sample. GC/MS analysis was performed with the 
prepared vial sample. Benzoic acid (0.51 mmol) was observed as side product in the filtrate. 
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4e.  Application to post-consumer polystyrene products 
 
Scheme S3. Acetylation and subsequent oxidation of post-consumer polystyrene. 

 

To a flame-dried Schlenk flask charged with a stir bar, post-consumer polystyrene (Styrofoam, 2.08 g, 20 
mmol) was fully dissolved in 300 mL of CS2 and AlCl3 (5.3 g, 40 mmol, 2.0 equiv.) was added in one 
portion at 0 °C. The mixture was warmed to 23 °C under vigorous stirring for 1 h. Acetyl chloride (2.9 mL, 
40 mmol, 2.0 equiv.) was added in the mixture dropwise and stirred for additional 3 h. The reaction mixture 
was added to ice followed by the addition of concentrated HCl (50 mL). 100 mL of CS2 was added into the 
crude mixture, and transferred to a separatory funnel. Organic layer was collected and evaporated, then re-
dissolved in 50 mL of THF. The crude mixture was precipitated into excess methanol (200 mL), and dried 
under vacuum to afford desired product (AcPS, 2.12 g, 93% acetylation ratio by 1H NMR, 74% mass 
recovery).  
 
To the titanium reactor vessels were added sequentially: AcPS (2.12 g), Mn(OAc)2•4H2O (335.8 mg, 1.37 
mmol), NaBr (141.0 mg, 1.37 mmol) and AcOH (100 mL). The vessel was pressurized with O2 (200 psi). 
The mixture was stirred at 500 rpm and heated to 180 °C by temperature controller system. After 1 h, the 
vessel was cooled down to 0 °C with ice bath and depressurized. p-Terephthalic acid was simply isolated 
by filtration without further purification (9.61 mmol, 70% yield). 
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5. Characterization of acetylated polystyrene 
5a.  IR spectrum of acetylated polystyrene 

 

 
 

Figure S6. IR spectrum of acetylated polystyrene. 
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5b.  GPC analysis of acetylated polystyrene 
 

 

 
Figure S7. GPC analysis of acetylated polystyrene. 
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7. NMR Spectra 
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