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ABSTRACT

We report the degradation pathway of polystyrene in a low-temperature environment by superacid.
Polystyrene is a thermoplastic resin widely used for packaging, disposable products, and structural
materials. However, economically viable upcycling of polystyrene has yet to be established
because of the high cost of chemical recycling and the low value of products. To understand the
degradation pathway of polystyrene and establish competitive upcycling practices, we investigated
the transformation of normal and deuterated polystyrene chains into small compounds by triflic
acid at 20 °C. The degradation study of deuterated polystyrene showed the high stability of the
hydrogens at the a carbons of polymerized styrene against triflic acid, which suggests the known
B-scission degradation pathway of polystyrene by a-proton abstraction is unlikely. Rather, the
polystyrene degradation proceeds through three distinct stages: i) intra-chain crosslinking that
forms polymer nanoparticles and simultaneous transformation of polymerized styrene to indan
units, ii) degradation of the polymer nanoparticles into small molecular weight compounds, and
ii1) formation of polycyclic aromatic hydrocarbons. The stepwise degradation pathway of
polystyrene we report may enable the design of efficient and profitable upcycling processes for

end-of-life polystyrene products in low-temperature environments.



Introduction

Polystyrene (PS) is a thermoplastic produced by more than 25 million metric tons per year,
approximately 6 % of the total polymers annually produced worldwide, and proportionally
occupies a similar fraction (~ 5.6%) in the total plastic waste collected.! PS is transparent, glossy,
hard, chemically and thermally inert, and stable in biological environments. The material and
processing costs of PS are low, particularly for expanded forms.?® Those material properties and
low material and processing cost make PS an excellent thermoplastic resin as a packaging material,
building and construction component, matrix polymer of composites, and beyond.” However,
compared to other high-volume plastic resins such as polyethylene and polyethylene terephthalate,
PS in the stream of end-of-life plastic waste is relatively small, and the cost of sorting and recycling
PS products does not meet the economy of scales. Furthermore, PS is often copolymerized or
blended with other polymers and components for improved mechanical properties such as impact
resistance. For example, styrene-butadiene rubbers and many high-performance PS-based
materials have been developed and established stable market shares.® However, because of their
low values and high processing costs, the multi-component PS products are difficult to be included
in the circular economy of plastics unless a universal and cost-competitive method of chemical
upcycling is established.

So far, various recycling strategies for PS products have been explored. Mechanical recycling
of PS has been documented, but this strategy generally requires mixing end-of-life PS with virgin
materials and results in downgraded resins for limited applications, like other mechanically
recycled plastics.”!?

Chemical recycling of PS has been pursued primarily using pyrolytic and catalytic methods.

Pyrolysis of PS recovers a relatively large amount of styrene monomer by depolymerization, but



the high ceiling temperature of PS (7ceilingps = 395 °C) requires a high energy cost processing
environment. Also, other challenges, such as wax formation and thermal repolymerization, further
worsen the economic validity of PS pyrolysis.!*!” Recently, biodegradation methods of PS have
been reported.'®2! However, undesirable by-products, scalability issues, and low efficiency limit
its applicability.” #* Chemical recycling of PS by oxidation processes like UV-assisted
photocatalysis and ozonation has been reported.’***> Those photocatalytic methods primarily
produce oxidized phenyl compounds, but like the other methods, efficiency, cost issues, and other
method-specific difficulties should be further improved. Relatively low-temperature catalytic
conversion of PS, primarily using Brensted acids (< 300 °C), produces phenyl hydrocarbon
compounds, of which molecular weights are less than 1,000 g/mol.>* Although the catalytic
conversion of PS does not recover styrene monomer, the new hydrocarbon compounds derived
from the end-of-life PS products may offer fresh opportunities for profitable and, therefore, viable
economic upcycling of PS. Indeed, Xu and co-workers recently reported a tandem reaction process
producing high-value diphenylmethane from PS using AICI3 and UV radiation.’> Zhang and co-
workers also described a hydrocracking method of PS using metal nitride co-doped carbon-based
catalysts to produce ethylbenzene as a liquid fuel >

The upcycling strategy for the value increase of end-of-life polymer products is the most
promising way to build a circular plastic economy that meets profitability.'> PS has excellent
potential as a key feed stream toward viable polymer upcycling practices.’> 3¢ Among chemical
degradation and upcycling approaches investigated for PS, acid-assisted degradation is promising
because highly reactive and cost-effective Bronsted acid reagents are available. In the earlier
studies, Pukanszky and coworkers proposed a B-scission pathway activated by the deprotonation

from the a-carbons of PS using AICI3.>” Later, Nanbu and co-workers questioned this B-scission



process and proposed a different B-scission mechanism producing w-ene and a-carbocation PS
chains.* However, those studies are based on phenomenological observations on the reaction
conditions and resultant products. It is still unclear how PS chains transform and break into small
compounds for value upgrades, in particular, at economically desirable low-temperature
environments.'® 384> This article describes time-resolved characterizations and analysis of linear
PS reacted with triflic acid at 20 °C and the degradation pathway elucidated. We observed that the
degradation of PS by triflic acid proceeds in three distinct stages, 1) intra-chain crosslinking that
forms polymer nanoparticles and simultaneous transformation of PS chains to poly(styrene-co-
indan) both initiated by removal of a phenyl group, ii) degradation of the crosslinked polymer
nanoparticles into small molecular-weight compounds, and iii) formation of polycyclic aromatic
hydrocarbons (PAHs). This observation suggests that the upcycling of PS proceeds in a stepwise
manner that may be judiciously incorporated into a step-wise upcycling process to produce high-

value compounds from end-of-life PS products.

Experimental

Materials Styrene (Acros) and d8-Styrene (Acros) were purified twice over n-butyl-sec-
butylmagnesium (Sigma-Aldrich) at 40 °C and vacuum distilled. Cyclohexane (Sigma-Aldrich)
was passed through activated alumina (BASF F-200) and copper catalyst (BASF Q-5) to remove
protic and polar impurities. Triflic acid (Stream, 99+%) was used as received. CDCls (Sigma-
Aldrich) was dried using activated molecular sieves (Mallinckrodt).

Polymerization Polystyrene samples were prepared using a standard anionic polymerization
technique. A typical polymerization procedure is as follows: In a dry and argon charged glass

reaction vessel (2 L), dried cyclohexane (0.8 L) and sec-butyllithium initiator (0.12 mL of 1.4 M



solution, 1.6x10* mol) were charged. To the cyclohexane and initiator solution, purified styrene
(30 g, 0.288 moles) was slowly added over three hours. The polymerization proceeded for two
days at 40 °C and was terminated with degassed methanol. Polystyrene was precipitated in
methanol, and the recovered polystyrene was dried under a dynamic vacuum at 150 °C.

Degradation Study A typical degradation study for the 1:1 molar ratio of styrene monomer in
polystyrene and triflic acid was conducted as follows. In a 100 ml round-bottom flask immersed
in a temperature-controlled water bath (20 °C), dry CDCls (Sigma-Aldrich, 38.46 ml), polystyrene
(0.5 g, 1.3x102 g/ml, 0.0048 moles in styrene monomer), and triflic acid (0.42 ml, 0.0048 moles)
were added, the flask was capped with a rubber septum, and the solution was stirred.

Degradation Characterization The changes in the chemical functional groups of polystyrene
reacting with triflic acid were characterized using "H NMR (Agilent 500 MHz spectrometer). The
polymer and triflic acid solution (0.6 mL) was drawn from the round-bottom flask at the beginning
of a degradation study, transferred to an NMR tube, and sealed. This tube was also placed in the
temperature-controlled bath.

The changes in the molecular weights of polystyrene were tracked using a size exclusion
chromatography system equipped with a refractive index detector (Agilent) at 30 °C. A Shodex
KF-805L column was used as the stationary phase, and tetrahydrofuran as the mobile phase.
Polystyrene standards (Agilent) were employed for molecular weight characterizations. Aliquots
(1 ml) for the size exclusion chromatography characterizations were collected from the flask and
neutralized with the saturated sodium bicarbonate solution (0.5 mL). The organic layer separated
by centrifugation was analyzed. To include small molecular weight compounds in the SEC
chromatograms, an aliquot sample of the separated organic layer (0.2 mL) was directly diluted

with HPLC-grade tetrahydrofuran (Alfa Aesar) and analyzed.



The gas chromatography-mass spectrometry (GC-MS) characterization was employed to
identify small molecular weight products (Thermo Scientific Trace 1300 GC equipped with ISQ
7000 single quadrupole MS). The GC column (TG-5SILMS) was 30 m long and 0.25 mm in
diameter with 0.25 um film thickness. For each analysis, 10 pL of each neutralized aliquot was
diluted in 0.75 mL HPLC grade chloroform (Sigma-Aldrich). The GC inlet temperature was 300
°C, and the temperature of the column was ramped from 40 °C to 300 °C at a constant ramp rate
of 25 °C/min. Helium at 1.5 mL/min was used as the carrier gas. The MS spectroscopy was
conducted in the electron ionization (EI) mode with the ion source temperature of 310 °C and
transfer line temperature of 300 °C. The total ion current (TIC) channel was used for a more
inclusive mass range (m/z) analysis. The mass spectra data were processed using Chromeleon
Software (Thermo Scientific). The Wiley Registry 12 edition and NIST-2020 library were used
to identify the components, and the quantitative analysis of identified compounds was conducted

using relative peak areas.

Results and Discussion

Three normal and one perdeuterated PS samples were anionically prepared, and the molecular
weight characterization data is presented in Table 1. The number-averaged molecular weights of
the normal PS samples are 34, 182, and 527 kg/mol and labeled PS-34, PS-182, and PS-527,
respectively. The perdeuterated PS molecular weight is 50 kg/mol and labeled d8-PS-50. Those
PS samples have monodisperse and narrow molecular weight distributions, of which dispersities

are less than 1.2.



Table 1. Molecular weight characterization data of perdeuterated and normal polystyrene samples.

Polymer Mn (kg/mol) Mw (kg/mol) Dispersity

d8-PS-50 50 57 1.16
PS-34 34 37 1.08
PS-182 182 196 1.08
PS-527 527 578 1.10

The protonation sites in PS chains by triflic acid were examined using the d8-PS-50. Three molar
equivalent triflic acid (A) to the d8-styrene monomer polymerized (S), A:S = 3:1, was employed
to induce proton-deuterium exchanges. The initial '"H NMR spectrum of d8-PS-50 is flat due to
the lack of hydrogen (the spectrum of normal PS-34 in Figure 1b is shown as a reference). In the
first hour of the reaction, the 'H NMR of the d8-PS-50 reacted with triflic acid develops a
multipeak spectrum of PS, which evidences active exchanges between the deuterium of d8-PS-50
and the hydrogen of triflic acid. However, not all deuteriums in the d8-PS-50 are exchanged. The
phenyl protons (D°, D™, DP) and DP at the B-carbon are exchanged with the 'H of triflic acid, but
the D* at the a-carbon is stable (Figures 1b and Ic). The inactive D suggests that the B-scission
mechanism of PS chains by the proton-activated removal of hydrogen at the o carbon proposed by
Pukanszky and co-workers is not likely an active pathway.’” Nanbu and co-workers also
questioned this mechanism and suggested that another -scission path of PS chains proceeds by
the removal of proton-activated phenyl groups forming a carbenium which splits the activated PS
chain into w-ene- and a-carbocation-PS chains (Figure S1). However, our time-resolved '"H NMR
spectra of the d8-PS-50 in the first 48 hours do not show any sign of ene-functional groups (4 — 6
ppm), and the spectra with new chemical functional peaks at 48 hours and later also lack such

signatures. This discrepancy is discussed below.



The exchange rates of hydrogens at the phenyl and B-carbon are different, as indicated by the
normalized peak integration ratio of the H”™? and HP at 1 hour is 0.28, not 1. Assuming the
effective exchange energy barrier follows an Arrhenius function, the exchange energy difference
between the phenyl and 3 hydrogens by triflic acid is Ea(PB) - Ea(phenyl) = -In(0.28)RT = 3 kJ/mol
where R = 8.314 JK'mol! and T = 293 K. In contrast, the H-D exchange rates at the different
phenyl group locations are the same. Although the NMR spectra reveal the active exchanges of
the hydrogen atoms in the chains, the molecular weight of d8-PS-50 remains nearly the same for
the first 12 hours. At 48 hours, the molecular weight significantly decreases to ~ 10 kg/mol, but
the characteristic peak resonances of PS functional groups are almost maintained (Figure 1a and
1b). After 72 hours, the '"H NMR spectrum records a set of new resonance peaks signaling the

formation of new chemical compounds (Figure 1b).
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Figure 1. Time-resolved characterization results of d8-PS-50 reacted with 3 molar excess triflic
acid to styrene monomer polymerized. (a) Time-resolved SEC chromatograms. (b) Time-resolved
"H NMR spectra of d8-PS-50 with triflic acid. Normal PS-34 is also shown as a reference. (c)
Proton-deuterium exchange sites observed from the time-resolved '"H NMR. The '"H NMR shows

that D* is inert.

We further investigated the PS degradation pathways with normal PS samples at different molar
ratios of triflic acid to the styrene monomer polymerized, A:S = 0.33:1, 1:1, and 3:1. Figure 2

summarizes the time-resolved SEC chromatograms of the PS-34, PS-182, and PS-527 treated with
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triflic acid. The chromatograms also include low molecular weight domains to 300g/mol based on
polystyrene standards to show the intensity contribution from small molecular weight compounds
formed from the PS samples (the lowest molecular weight of the polystyrene standards employed
is 580 g/mol. The low molecular weight domain in SEC chromatograms generally contains the
signal from uncontrolled impurities, but we observed significant intensity increase by the low-
molecular weight compounds by PS degradation. See below).

At the lowest triflic acid concentration (A:S = 0.33:1), the molecular weights of the PS samples
increase rather than decrease (Figure 2a, 2b, and 2c). The new molecular weight peaks, marked
with arrows next to the primary peaks, are approximately double of the molecular weights of
starting PS samples. This suggests that the increase of molecular weights occurs by inter-chain
coupling. In the PS-182 and PS-527 solutions, additional high molecular weight peaks by coupling
the coupled chains appear, though PS-34 only forms di-chain peaks in the same reaction hours.
We attribute this molecular weight difference to the pervaded volume effect of PS chains for
coupling. The coil overlap concentration, at which the polymer coils begin to contact,

¢ =3M/ (47rN AR;’) where M is the molecular weight, Na is Avogadro’s number, and Rg is the

radius of gyration. The overlap concentrations of PS-182 and PS-527 are calculated as ¢* = 3x10"
2 g/ml, close to the concentration of the PS solutions, ¢ = 1.3x102 g/ml, i.e., those PS chains are
spatially advantageous for inter-chain coupling. In contrast, the c* of PS-34 is 1.8x10" g/ml,
which is an order higher than the solution concentration. Despite the large molecular weight
increase by inter-chain coupling, the 'H NMR spectra of PS samples of the A:S=0.33:1 solution
stay the same for the 168 reaction hours except for the decrease of the 'H peak of free triflic acid

at ~ 9 ppm (Figure S2).
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Figure 2. Time-resolved chromatograms of (a, d, and g) PS-34, (b, e, and h) PS-182, and (c, f, and
1) PS-527 treated with triflic acid at the molar ratio, (a, b, and ¢) A:S =0.33:1, (d, e, and f) A:S =
1:1, and (g, h, and 1) A:S = 3:1. The panels in the vertical direction summarize the chromatogram
profiles of a PS sample at different triflic acid concentrations over time, and the panels in the
horizontal direction compare the changes in the chromatogram profiles of different PS samples at

the same triflic acid concentration. Black arrows in panel a to f note the molecular weight peaks
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by inter-chain coupling. The low molecular weight shoulders developing at the A:S = 1:1 by intra-
chain couplings are indicated by red arrows in panels d to f. Blue arrows in the panels g to i indicate
the nominal terminal molecular weight peaks of nanoparticles. The red arrow in panel i notes the
decrease of the nominal molecular weight of nanoparticles by the hydrodynamic volume over time,
and the green arrow marks the lower limit of the nominal molecular weight of nanoparticles. For

details, see the text.
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Figure 3. Time-resolved 'H NMR spectra of (a) PS-34 at A:S=1:1, (b) PS-182 at A:S=1:1, (c) PS-
527 at A:S=1:1, (d) PS-34 at A:S=3:1, (e) PS-182 at A:S=3:1, and (d) PS-527 at A:S=3:1. Stars
(*) marks the benzene peaks. The NMR spectra show that the triflic acid generates only benzene
from polystyrene in the A:S=1:1 solutions over the 168 hour reaction period but starts to form

small molecular weight compounds in the A:S=3:1 after 24 hours.

In the A:S=1:1 solutions, the molecular weights of PS chains increase further at the same
reaction time, but the PS chains start to develop low-molecular weight shoulders as marked with
the red arrows (figures 2d, 2e, and 2f). The time-resolved "H NMR spectra are recorded nearly the
same except for the increase of benzene peak at 7.37 ppm marked with stars (Figure 3a, 3b, and
3c).

In contrast, the PS solutions of the A:S=3:1 of the highest triflic acid ratio show different
behaviors. The PS chromatograms of the A:S=3:1 solution record the decrease of the molecular
weights with negligible inter-chain coupling signatures (Figures 2g, 2h, and 2i. The potential
origin of the chain-coupling mode by the concentration of triflic acid is described below). Three
distinct stages in the molecular weight decrease are noticed. In the first stage, the molecular
weights barely change, but this period of dormancy depends on the molecular weight (Figure 4a).
In the PS-34 solution, the molecular weight stays nearly the same for the first 12 hours, and in the
PS-182 and PS-527 solutions, 6 hours. We attribute this difference in dormancy periods to the coil
overlap concentration c¢*. The polymer chains of longer PS-182 and PS-527 overlap in the
solutions, and the activated carbocation sites of those chains couple by a shorter chain translation
than the translation distance for PS-34 chain coupling.

In the second stage, the molecular weights decrease with dispersity broadening. However, the

dispersities of chains increase up to ~ 1.90 and then decrease as the molecular weights approach
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their terminal molecular weights, ~ 3 kg/mol for PS-34 and PS-182 at 48 hours and ~ 10 kg/mol
for PS-527 at 96 hours, which are marked with blue arrows in figures 2g, 2h, and 21 (the dispersities
at the reaction hours are summarized in Table S1). In the '"H NMR spectra, the peak area ratio of
the H° and H™? of styrene phenyl groups gradually decreases from the initial ratio of styrene
monomer, H°(2)/H™P(3) = 0.67 (Figure 4b). With the formation of benzene as shown in the 'H
NMR (Figures 3d, 3e, and 3f) and the GC-MS analysis result (see below), the change of H® to H™P
ratio suggests the transformation of styrene to indan units (Scheme 1). This transformation also
results in the broad resonance of backbone hydrogens, which reflects increased heterogeneity in
chemical environments by indanization and also coupling (Figure S3. See the NMR
characterization section in the Supporting Information). The fraction of styrene units in

poly(styrene-co-indan) chains based on the peak areas are summarized in Figure 4c.**

& DO RO Q.
0dd - AE <28 Td

Cross-linking Indanization

=
:

QA .

QOO0

Scheme 1. Crosslinking and indanization reactions activated by the acid-assisted removal of a

phenyl group from polystyrene. Crosslinking reactions occur through the inter- or intra-chain

mode depending on the triflic acid concentration.

16



10°4
o 107"
o
=
EQ-
10724
1073 ey v ' r v r r v
0 24 48 72 96 120 144 168
Time (hours)
b)
0.7 —a— PS-34
06 —e— PS-182
27 —— PS-527
0.5;
o
T 0.4
I
o~ 0.34
I
0.2
0.1
0.0 dr—epeeeeeee ey
0 24 48 72 96 120 144 168
Time (hours)
c)
1.01 —a— PS-34
—o— PS-182
c —i— PS-527
O L
0038
(@]
Eo_e-
2
5 041
-
>
o 0.24
O —— T —— T S S—
0 24 48 72 96 120 144 168

Time (hours)

17



Figure 4. Changes of the A:S=3:1 solutions over the reaction hours in (a) the nominal peak
molecular weights of PS chains, i.e, nanoparticles by intra-chain crosslinking, by the
chromatography data of Figure 2g, 2h, and 21, (b) the peak integration ratio of ortho to meta/para
hydrogens in the phenyl groups based on the '"H NMR spectra of Figure 3d, 3e, and 3f, and (c) the
fraction of styrene units in the poly(styrene-co-indan) copolymers based on the ortho to meta/para

hydrogen ratios of panel b.
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Figure 5. Changes of the PS chain dispersity in the A:S=3:1 solution and simulated chain
dispersity as a function of the normalized molecular weight, 1-Mn/Mn,o where Mx is the number-
average molecular weight by the mid-chain scission and M is the initial molecular weight by the
mid-chain scission mode. The dispersity of PS chains reacting with triflic acid increases and
decreases as the molecular weights reach their terminal molecular values. In contrast, the simulated
dispersity by the mid-chain scission mode continues to increase as the molecular weight decreases.
The dispersities of PS samples are calculated over the low molecular weight foot of the terminal

molecular weight peaks and above.
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We considered two potential chemical pathways for the observed molecular weight decrease of
PS chains in the A:S=3:1 solution: the depolymerization at the chain ends and the mid-chain
scission. However, neither the chain-end depolymerization or the mid-chain scission mode
explains the decrease of PS molecular weights by triflic acid. For the chain-end depolymerization,
the depolymerized products, monomer or small molecular weight compounds, should be observed,
but the first 24 hour 'H NMR spectra do not contain any signs of such new resonance signatures
except for benzene despite the nominal molecular weight decrease of the PS samples are evident
in the chromatograms (Figure 3d, 3e, and 3f). The mid-chain scission mode neither justifies the
observed molecular weight changes because the dispersity of polymer chains by the mid-chain
scissions must keep increasing as the chains break down, as our simulation results show in Figure
S4. The PS dispersities of the A:S=3:1 solution initially increase and eventually decrease as the
nominal molecular weights of PS chains approach the terminal values (Figure 5 and Table S1. In
the evaluation of the dispersities of nanoparticles based on nominal molecular weights, the
intensity contribution of small molecular weight compounds lower than ~ 500 g/mol, which are
marked with blue arrows in Figure 2g, 2h, and 21, are excluded). Therefore, the mid-chain scission
mode also cannot explain the terminal molecular weights observed before the polymer chains
break into small compounds (Figures 2g, 2h and 21).

The inconsistency with those chain degradation modes and the infer-chain coupling observed at
the low triflic acid concentrations suggest that the molecular weight decrease of the PS of the
A:S=3:1 solution in the first 24 hours primarily originates from changes in the chain topology by
intra-chain couplings which form a crosslinked local network of a polymer chain, i.e., swollen
nanoparticle with a reduced hydrodynamic volume.** This conclusion is consistent with the

stable '"H NMR spectra of the PS chains in the first 24 hours despite the large changes in the
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nominal molecular weights. It also aligns with the terminal molecular weight behavior of the
polymer chains before a relatively large amount of small molecular weight compounds starts to
form at 48 hours and later. As the intra-chain coupling reactions occur, the hydrodynamic volume
decreases. When nearly all conformationally feasible intra-chain coupling sites have reacted, the
decrease of hydrodynamic volume, i.e., nominal molecular weight, reaches the terminal molecular
weight observed in Figures 2g, 2h, and 2i. The decrease of dispersity as the molecular weights
approach the terminal values also supports this explanation. In the chromatograms of PS-527
(Figure 21), the high molecular weight side marked with the red arrow shifts to the lower side as
the reaction proceeds, but the lower molecular weight side marked with the green arrow stays the
same because the degrees of intra-chain crosslinking of individual chains saturate. The reaction
pathways forming chain coupling, along with the transformation of styrene to indan unit, by the
acid-assisted removal of phenyl groups is described in Scheme 1.

In the third stage (> 48 hours), the intensity of the terminal molecular weight peaks decreases,
but the terminal molecular weights remain the same while the lower molecular weight products
are produced, as marked with diagonal arrows in Figures 2g, 2h, and 2i. This discontinuous shift
in molecular weights contrasts the continuous decrease of molecular weights in the second stage
by intra-chain coupling. The time-resolved 'H-NMR spectra reveal new chemical functional
groups forming in this stage (Figure 3d, 3e, and 3f at 48 hours and later). Those observations
indicate that the crosslinked polystyrene-co-indan nanoparticles break down once activated, and
the activation is relatively slow compared to the breaking down rate of an activated chain into

small compounds.
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Figure 6. Fraction of small molecular weight compounds produced by reacting PS-182 with three

molar equivalent triflic acids (A:S=3:1). The fractions are based on the peak areas of the GC-MS

spectra, and the detailed compound compositions are listed in Table S2.

The GC-MS analysis of the PS-182 solutions at the A:S=3:1 reveals a series of small molecular
weight compounds (Figure 6). In the first and second stages (< 24 hours), benzene is the major
compound though the amount of benzene is small in the first hours as shown in the 'H NMR
spectrum (Figure 3e). In the third stage (> 48 hours), crosslinked polymer nanoparticles start to
break, and alkylbenzene isomers, indan/indene derivatives, diphenylmethane, and polycyclic
aromatic hydrocarbons form, though benzene is still the major compound.®® ' The relative
composition of those compounds saturates at ~ 96 hours, but the reaction solution becomes darker

by the increasing amount of polycyclic aromatic hydrocarbons (PAHs) such as pyrene and
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phenanthrene derivatives (Figure S5).5% % We attribute the PAH formation to the Scholl reactions
by triflic acid which serves as a strong Brensted acid for the reaction.’*>° The PS-182 samples of
the A:S=3:1 solution are characterized using X-ray scattering measurements to check if any
crystalline domains exist, but no diffraction signatures are identified (Figure S6. The detail of the

scattering experiment is described in the supporting information).
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Figure 7. Schematic description of the low-temperature PS chain degradation process by triflic
acid. Depending on the relative concentration of triflic acid, the PS chains form inter- or intra-
chain crosslinking. Transformation of styrene units in the chains to indan also occurs while intra-
chain crosslinking proceeds. The intra-chain crosslinked polymer nanoparticles break down into
small phenyl-containing compounds, further transforming into polycyclic aromatic hydrocarbons

by the Scholl reaction.
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Figure 7 summarizes the degradation stages of PS and key characteristics induced by triflic acid
observed in this study. Depending on the relative molar ratio of triflic acid to the styrene unit
polymerized, we observed the mode of PS coupling changes between inter- and intra-chain. We
speculate that this concentration dependence is related to the formation of ionic group aggregates.®’
In a high triflic acid concentration such as A:S=3:1, multiple parts in a chain may form
carbocations which ionically aggregate, and the aggregate compacts the chain conformations for
the intra-chain coupling despite the conformational entropic penalty. In contrast, in the low triflic
acid concentration, the intra-chain coupling is less preferred than the inter-chain coupling due to
the conformational penalty of chains. The chain coupling reaction simultaneously proceeds with
the transformation of styrene units to indan because both reactions appear to be activated by the
removal of a phenyl group (Scheme 1). Once the infra-chain crosslinking completes, the
crosslinked polystyrene-co-indan nanoparticles break down into small molecules such as benzene,
diphenylmethane, and indan/indene derivates, which react with each other and form PAHs such as

pyrene and phenanthrene compounds.

Conclusion

Superacid-assisted degradation of PS chains at 20 °C is investigated using time-resolved
characterizations. We found that the removal of phenyl groups by acid from linear PS chains
induces two key transformations: i) topology changes of PS chains by infer- and intra-crosslinking
and ii) transformation of styrene units to indanes. In the high acid concentration environment, the
intra-chain crosslinking becomes dominant, crosslinked polymer nanoparticles form, and the
crosslinked polymer nanoparticles break down into small compounds. Triflic acid also induces the
formation of polycyclic aromatic hydrocarbons from small compounds by the Scholl reaction. This

finding shows that the super acid-assisted polymer degradation process at a low temperature
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proceeds through distinct stages, which may help establish efficient and economically viable
upcycling of end-of-life PS products. For example, temporal control of the polystyrene degradation
stages using two catalysts with different activities may enable to separate the indanization step
producing benzene from the rest reactions, and controlled breakdown of the crosslinked
poly(styrene-co-indan) chains is achieved for value products without PAHs or with value PAHs in

the least energy-intensive low-temperature environment as employed in this work.
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