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ABSTRACT: Thermolysis of the well-defined aluminum fluo-
roalkoxide supported on silica (�SiOAl(OC(CF3)3)2(O(Si�)2),
1, 0.20 mmolAl g−1) at 200 °C forms a fluorinated amorphous
silica−alumina (F-ASA) containing a distribution of Al(IV), Al(V),
and Al(VI) sites that maintain relatively strong Lewis acidity. Small
amounts of Brønsted sites are also present in F-ASA. Solid-state
NMR studies show that a majority of the aluminum centers in F-
ASA are not close to the Si−F groups that form during thermolysis.
F-ASA is exceptionally reactive in cracking (or pyrolysis) reactions
of neat polymer melts. Catalyst loadings as low as 2 wt % (0.017 mol % aluminum) efficiently break down isotactic polypropylene,
high-density polyethylene, ethylene/1-octene copolymer, and postconsumer wastes. The major products of this reaction are
hyperbranched liquid paraffins containing internal olefins and very small amounts of aromatics. Under continuous distillation of oils
from the reaction mixtures, pyrolysis on 50 g reaction scales is feasible. F-ASA cokes and deactivates during this reaction but can be
reactivated by calcination in air. These properties are complementary to other state-of-the-art catalysts for polymer breakdown, but
unlike those catalysts F-ASA does not require an additional cofed reactant (e.g., H2, olefin, etc.) to drive the reaction.

■ INTRODUCTION
Enormous amounts of plastic are produced each year. A vast
majority of plastic materials reach end-of-life at an incinerator
or in a landfill, the latter resulting in considerable leakage into
the environment.1 The small amounts of plastic that are
recycled undergo mechanical processing that can result in poor
material performance.2 Chemical processes involving a catalyst
or mixtures of catalysts that activate inert C−H and C−C
bonds in polymers to form lower molecular weight products
are emerging.3

Plastic waste streams contain vast amounts of polyethylene
(PE) and isotactic polypropylene (iPP), ubiquitous hydro-
carbon polymers in modern society. These materials should be
compatible with catalysts used for thermal cracking reactions
throughout the petrochemical industry, such as silica−alumina
or zeolites,4 to convert them into a broad portfolio of valuable
small molecules.5 This reaction would also provide a powerful
method to deconstruct polymers because these catalysts are
scalable and do not require additional chemical inputs (e.g.,
H2, olefin, etc.) to initiate polymer breakdown. Silica−alumina
or zeolite mediated cracking (or pyrolysis) of polymers usually
result in modest product yields3,6 with limited selectivity
profiles.7

Amorphous silica−alumina (ASA) behaves similarly in
polymer cracking reactions.8 ASA is prepared by a variety of
methods,9 including deposition of a reactive alkoxide onto
SiO2 or Al2O3 followed by high-temperature calcination under
air, Figure 1a.9,10 This results in a complex network of SiO4
tetrahedral framework elements and a distribution of four-,
five-, and six-coordinate AlOx sites, some of which coordinate

to silanols to form Brønsted sites of varying acidities.11 How
this distribution of sites affects polymer cracking reactions is
not known.
Thermolysis of the well-defined aluminum fluoroalkoxide

supported on silica (1),12 shown in Figure 1b, forms
fluorinated ASA (F-ASA). During thermolysis, an etching
process also occurs, which replaces framework Si−O−Si
linkages with Si−F groups (major) or opening of these
linkages to form Si−OC(CF3)3 groups (minor). F-ASA
catalyzes cracking reactions of PE, iPP, or ethylene/1-octene
copolymer melts using catalyst loadings as low as 6000
monomer units per aluminum (0.017 mol % Al). F-ASA also
cracks postconsumer waste and is tolerant of PVC in the
reaction feed. The spent catalyst can be recycled by calcination
under air. These properties are superior to available ASA
materials in polymer degradation reactions.

■ EXPERIMENTAL SECTION
General Considerations. All reactions and manipulations were

performed under an inert atmosphere of N2 or Ar using glovebox or
Schlenk techniques. 1 was previously reported.12b Briefly, solution of
Al(OC(CF3)3)3(PhF)

37b in PhF was contacted with Aerosil-200 SiO2
partially dehydroxylated at 700 °C (SiO2−700, 200 m2 g−1, 0.26
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mmolOH g−1). After heating the mixture to 45 oC for 2 h, solid 1 was
isolated by filtration and washed several times with PhF to remove
residual Al(OC(CF3)3)3(PhF). The wet solid was dried under
vacuum and stored in an Ar-filled glovebox freezer at −30 °C.
Calcined Al(OiPr)3/SiO2

10c and calcined Al(TBOS)3/SiO2
10b were

prepared as reported. Silica−alumina was purchased from Sigma-
Aldrich and calcined at 500 °C under air for 4 h, followed by
dehydroxylation under vacuum (10−5 mbar) at 500 °C for 12 h.
Al2O3‑500 and Al2O3‑1000 were dehydroxylated under vacuum at 500 or
1000 °C, respectively. Compressed air was purchased from Airgas and
was passed through a water trap (CRS, ZPure H2O) immediately
before use in calcinations. Low-molecular-weight iPP (Mw = 13.3
kDa; D̵= 2.4), high-molecular-weight iPP (Mw = 447.3 kDa; D̵= 5.5),
and PVC (Mw = 133.0 kDa; D̵= 2.4) were purchased from Sigma-
Aldrich and used as received. HDPE (DOW 17450 N, Mw = 142.1
kDa; D̵= 3.1) and ethylene/1-octene copolymer (DOW ENGAGE
8401, Mw = 288.7 kDa; D̵= 2.1) were purchased from commercial
suppliers and used as received. Commercial plastics were collected
from retailers and cut into small pieces by using a coffee grinder
before use. All polymer properties used here are summarized in the
Supporting Information (Table S3). Elemental analysis was
performed at Atlantic Microlabs.

Solution 1H and 13C{1H} NMR spectra were recorded on Bruker
Avance 14.1 T (ν(1H) = 600 MHz) spectrometers. FTIR spectra were
recorded by using a Bruker Alpha IR spectrometer in an argon-filled
glovebox. Solid-state NMR spectra acquired were recorded under
magic angle spinning (MAS) at 14.1 T (ν(1H) = 600 MHz) using a
Bruker NEO600 spectrometer (UCR) or a Bruker Avance III
spectrometer (Ames) and at 18.8 T (ν(1H) = 800 MHz) using a
Bruker AVANCE III spectrometer (UCSB). All solid-state NMR
samples were packed and sealed in appropriately sized rotors in a
glovebox under an inert atmosphere of Ar or N2. Chemical shifts for
all solid-state NMR spectroscopy experiments were referenced to the
1H chemical shifts of neat tetramethylsilane using either adamantane
(δiso = 1.82 ppm) or sodium trimethylsilylpropanesulfonate (δiso =
0.00 ppm) as a secondary reference. 13C, 19F, and 27Al shifts were
referenced by using previously reported IUPAC relative NMR
frequencies. Solid-state 1D 19F NMR experiments at UCR were
performed at a 10 kHz spinning speed in 4 mm rotors sealed with Kel-
F caps (Figure S14). Spectra were acquired using a rotor synchronized
Hahn-echo pulse sequence (π/2−τ−π−τ−acq). Though Kel-F caps
contain fluorine, control experiments showed that the signal from the
cap only contributes a minor signal at −79 ppm that is distinct from
19F resonances of F-ASA. Solid-state 1D 19F NMR and 19F{27Al}
symmetry-based Resonance-Echo Saturation-Pulse Double-Reso-
nance (S-RESPDOR)13 NMR experiments at Ames were carried
out using a double-resonance Varian 1.6 mm fast-MAS probe
configured to 19F and 27Al with a 33.333 kHz spinning frequency.
The rotor was sealed with Torlon caps with Kel-F spacers between the
cap and the sample. The Hahn-echo 19F NMR spectrum shown in

Figure 2a contains the same signals as those observed at slow-MAS
obtained at the UCR, suggesting limited (if any) interference from the
19F NMR signals in the Kel-F spacer in these experiments. Hard 19F
pulses were applied with a 78 kHz radiofrequency power. 2048 scans
were accumulated for both experiments with the recycle delay set to 5
s. S-RESPDOR data were fitted using INTERFACES software.14

EDS elemental mapping was recorded on a Thermo Fisher
Scientific Titan Themis 300 SEM instrument. Gas-phase GC analyses
were performed on an Agilent 7820 GC containing a flame ionization
detector (FID) using an HP-PLOTQ column or a thermal
conductivity detector (TCD) using CP-Molsieve 5A (H2 and CO2
quantification). For FID, the oven was held at 150 °C for 10 min; 200
μL of the gas sample was injected using a split ratio of 76.926:1. The
temperature of FID was set at 350 °C and N2 was used as the carrier
gas. The flow rate was 23.7 mL/min. The flow rates of air and
hydrogen were set to 400 and 30 mL/min, respectively. For GC-
TCD, the GC column oven was held at 80 °C for 5 min, 200 μL of
the gas sample was injected using a split ratio of 5:1. The temperature
of TCD was set at 200 °C and N2 was used as the carrier gas with a
3.5 mL/min flow rate. The flow rate of air was set at 10 mL/min.
Note, the TCD detector is very sensitive to fluorocarbons and gases
contaminated with fluorocarbons result in irreversible deactivation of
the detector. Descriptions of gas quantification are described in the
Supporting Information. Liquid-phase GC analyses were performed
on an Agilent 7820 GC containing a flame ionization detector (FID)
using an HP-5 column; the GC column oven was held at 50 °C for 3
min, and the temperature was subsequently raised to 300 °C (10 °C/
min) and held at this temperature for 10 min. 5 mL of the liquid
sample was injected, and the split ratio was 10:1. The temperature of
FID was set at 350 °C and N2 was used as the carrier gas and the flow
rate was 25 mL/min. The flow rate of air and hydrogen were set to
400 mL/min and 30 mL/min, respectively.

For liquid-phase GC quantification, due to the complexity of the
products, we assume that all hydrocarbon products (alkanes, alkenes,
and aromatics) have the same per-carbon response factor. As a result,
we can integrate all peaks as a whole and use a known amount of
tetradecane as an internal standard.

Room-temperature GPC was performed on TOSOH SEC using
HPLC grade THF as the mobile phase. Samples were injected at a
concentration of 1 mg mL−1 and filtered through a 0.25 μm PTFE
filter prior to analysis. The GPC calibration curve was constructed
using polystyrene for high molecular weights and linear alkanes for
low molecular weights (Figure S3). High-temperature GPC was
performed on an Agilent 1260 Infinity II instrument that incorporates
a differential refractive index detector. HPLC grade 1,2,4-trichlor-
obenzene (TCB) was used as the mobile phase at a flow rate of 1 mL
min−1. Columns and detectors were maintained at 140 °C. All
polymers were injected at a concentration of 1 mg/mL and filtered
through a 0.2 μm PTFE filter prior to analysis. Calibration was made
using polystyrene standards that were corrected for linear poly-

Figure 1. Traditional syntheses of amorphous silica−alumina (ASA) that perform poorly in reactions that crack polyethylene (PE) or isotactic
polypropylene (iPP, a). Generation of fluorinated amorphous silica−alumina (F-ASA) through decomposition of the well-defined aluminum
alkoxide (1, b). F-ASA is a competent catalyst for thermal cracking reactions of aliphatic polymers.
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ethylene or polypropylene by universal calibration using the Mark−
Houwink parameters.
Preparation of F-ASA. In an argon-filled glovebox, 1 (250 mg,

0.05 mmol of Al) was placed into a 25 mL flask containing a Teflon
tap. The flask was sealed, taken out of the glovebox, and connected to
a short path distillation apparatus containing an empty oven-dried 50
mL flask containing a Teflon tap, as shown in Figure S4. The
apparatus was placed under high vacuum, while keeping the flask
containing 1 sealed, for 3 min, and then the flask containing 1 was
opened to vacuum for another 3 min. The Teflon tap was connected
to the short path, the center tap as shown in Figure S4 was sealed to
maintain a static vacuum in the system. The flask containing 1 was
heated at 200 °C while the 50 mL bottle was submerged in liquid
nitrogen to capture all volatiles produced during thermolysis. After 2
h, the two flasks were sealed. The flask containing 1 was disconnected
from the short path and taken into an argon-filled glovebox for further
analysis. A J. Young NMR tube containing C6D6 (0.5 mL) and
trifluorotoluene (12.3 μL, 0.1 mmol), which was freeze−pump−
thawed 3 times to ensure removal of gases, was connected to the short
path. The short path was placed under a vacuum for 5 min. The
Teflon tap was connected to the short path, the center tap as shown in
Figure S3 was sealed to maintain static vacuum in the system. The
NMR tube was immersed in liquid nitrogen, the tap on the NMR tube
was opened, and finally the tap containing volatiles was opened. This
procedure transferred the volatiles to the NMR tube. Quantification
of volatiles was performed using 19F NMR with trifluorotoluene as the
internal standard. NMR characterization of the volatiles is shown in
Figures S5−S7. GC-TCD analysis of the gas phase as depicted in
Figure S8 shows that CO2 is formed in this reaction. F-ASA was
collected as a dark brown solid and was stored in an Ar glovebox.
FTIR data of F−ASA are shown in Figure S10 and solid-state NMR
characterization is shown in Figures S12−S17. Elemental analysis:
2.22% F (1.2 mmol g−1). SEM-EDS analysis (Figure S18) gives a
fluorine loading of 1.8%. 29Si{1H} MAS NMR (119 MHz, 5 kHz):
−109 (SiO2), −112 (SiO2) ppm. 29Si{19F} MAS NMR (119 MHz, 10
kHz): −96 (O2/2 SiF2), −99 (SiO2), −106 (O3/2 SiF), and −110
(SiO2). 1H MAS NMR: 7.0 (PhF or Brønsted acid sites), 1.8 (SiOH),
and 1.1 (SiOH) ppm. 19F MAS NMR (564 MHz, 10 kHz): −70.6
(Si−CF3); −75.6 (Si−CF3); −156.7 (Si−F); −164 (Si−F) ppm.
13C{19F} MAS NMR (151 MHz, 10 kHz): 120 (CF3); 119 (CF3);
and 78 (C(CF3)3. The integrated Si−CF3: Si−F is 10:7. 27Al{1H}
MAS NMR (156 MHz, 18.8 kHz): δiso 45 (AlIV), 33 (AlV), and −5
(AlVI) ppm.
Pyridine Contact Experiments. F-ASA (0.2 g, 0.04 mmol Al)

and 5 mL of pentane were transferred to a 25 mL Schlenk flask
containing a Teflon tap and a side arm inside an argon-filled glovebox.
The flask was removed from the glovebox, connected to a high
vacuum line, cooled to 77 K with liquid nitrogen, and evacuated for 5
min. Dried and degassed pyridine was vacuum transferred into the
bottle at 77 K and the mixture was gently stirred at room temperature
for 1 h. After this time, the unreacted pyridine and pentane were
removed under vacuum and the solid was dried under diffusion pump
vacuum for 45 min. The resulting solid was collected and stored in an
Ar glovebox. 15N{1H} CPMAS NMR (61 MHz, 10 kHz): 260, 202
ppm. 27Al Hahn-echo NMR (156 MHz, 10 kHz): 49.4, 4.2 ppm.
Triethylphosphine Oxide (TEPO) Contact Experiments. F-

ASA (0.500 g, 0.10 mmol of Al) and various molar equivalents (0.25,
0.5, 0.75, and 1.1) of TEPO were transferred into separate arms of a
double-Schlenk flask inside an argon-filled glovebox. The flask was
removed from the glovebox, connected to a high vacuum line, and
evacuated for 5 min. Pentane (∼5 mL) was condensed into the side of
the flask containing TEPO at 77 K, and the clear colorless solution
was filtered to the other side of the double-Schlenk onto F-ASA. The
mixture was warmed to room temperature and gently stirred for 4 h at
room temperature. After this time, the clear colorless solution was
filtered on the other side of the double-Schlenk flask. The arm of the
double-Schlenk flask containing TEPO contacted with F-ASA was
cooled to 77 K, causing the pentane on the other side of the flask to
condense onto the functionalized silica. The pentane was warmed to
25 °C, stirred for 5 min, and filtered back to the other side of the

double Schlenk. This procedure was repeated two more times to
remove unreacted TEPO from the functionalized silica surface. The
volatiles were removed under vacuum, and the solid was dried under
diffusion pump vacuum for 45 min. The resulting solid was collected
and stored in an Ar glovebox.
Preparation of HF-Etched SiO2/Al2O3. In a 50 mL plastic

centrifuge tube, 5 g of silica−alumina was mixed with 10 mL of DI
water, and 5 mL of 3% HF acid was added dropwise. The mixture was
stirred at room temperature overnight, followed by drying at 120 °C
for 4 h. The dried material was then calcined at 500 °C in a quartz
tube under air for 4 h. After this time the tube was sealed, and the
material was placed under vacuum at 500 °C for 13 h. The quartz
tube was cooled to room temperature, transferred into an argon
glovebox, and stored at room temperature. 19F MAS NMR (564
MHz, 10 kHz): −154 ppm (Si−F).
General Procedure for Polymer Breakdown. The catalytic

reaction was conducted in a 100 mL Parr reactor (Figure S28). In a
typical reaction, a polyolefin (5 g iPP or 1g HDPE or Engage) and F-
ASA (300 mg) were loaded into the autoclave in an Ar-filled
glovebox. The autoclave was removed from the glovebox and heated
at the desired temperature for a designated time. After the system was
cooled using a high flow of compressed air, the Parr reactor was
connected to an under-vacuum bottle. The volatiles were taken from
the bottle and analyzed by GC. At this point, the flask was opened to
ambient atmosphere for extraction of oils from this mixture. CH2Cl2
was added to the flask at room temperature, and the solution was
decanted from the remaining solid. This procedure was repeated three
more times. The combined CH2Cl2 extract was then separated into
low-boiling-point products and high-boiling-point products by
vacuum distillation at room temperature.
Large-Scale Pyrolysis Reactions. In a typical reaction, a

polyolefin (50 g) and F-ASA (1 g) were loaded into the distillation
apparatus as shown in Figure S48 in an Ar-filled glovebox. The system
was removed from the glovebox and connected to a vacuum line with
a rubber hose. The apparatus was evacuated and heated at the
temperature for a designated time, as shown in Table S10. The system
was occasionally opened to vacuum every 20−30 min to aid
distillation of the oil into the receiving flask. After the reaction, the
system was disconnected, and the oil was weighed. This yield is the
“low boiling liquid” shown in Table S10. DCM (30 mL) was added to
the flask containing polymers to obtain higher-molecular-weight
products. The exact DCM solution was evaporated, and the heavier
product was weighed. This fraction is referred to as “high boiling
point” in Table S10. Under these conditions, light gases were not
recovered.

■ RESULTS
Generation of F-ASA. Thermolysis of 1 (0.20 mmolAl g−1)

at 200 °C forms F-ASA and a small amount of hexafluor-
oacetone (0.02 mmol g−1) and the epoxide of perfluoroisobu-
tene (0.08 mmol/g) as shown in Figure 1b. The organic
products formed in this account for ∼25% of the Al−ORF in 1.
The remainder of Al-ORF decomposes to CO2, which is
detected in the gas phase (Figure S9). The mechanism of this
process is not known. Combustion analysis of F-ASA gives
2.22% F (1.2 mmolF g−1), indicating that some fluoride
remains in the material after thermolysis.
The 19F magic angle spinning (MAS) nuclear magnetic

resonance (NMR) spectrum of F-ASA contains a broad signal
at −157 ppm (Si−F) and a sharp signal for Si−OC(CF3)3 at −
76 ppm, as shown in Figure 2a. The 27Al MAS NMR spectrum
of F-ASA is shown in Figure 2b and contains signals for AlIV
(29%), AlV (29%), and AlVI (42%). These signals are uniformly
shifted by ∼20 ppm to lower frequency when compared to
Al2O3,

15 suggesting that these are isolated sites with Al−O−Si
linkages. Figure 2c shows results from 19F{27Al} symmetry-
based Resonance-Echo Saturation-Pulse Double-Resonance
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(S-RESPDOR)13,16 experiments of F-ASA. This experiment
introduces dipolar coupling between nearby aluminum and
fluorine spins that results in 19F signal dephasing, the rate of
which depends on the F−Al internuclear distance. The S-
RESPDOR dephasing curve plateaus at ∼20%, indicating that
most of the surface fluorine are far (>7 Å) from aluminum.
Those that are close to aluminum have a 3.0 ± 0.3 Å Al−F
distance, which is outside the covalent radii of these elements
and near the limit of the van der Waals radii (∼3.31 Å),
suggesting minimal interaction between Al and F in F-ASA.
The S-RESPDOR dephasing curve for the signal from −CF3
groups also shows that aluminum is far from these sites (Figure
S14c), though this could also be due to dynamic averaging of
the −CF3 on the S-RESPDOR time scale.
Both pyridine and triethylphosphine oxide adsorption

indicate that F-ASA contains Brønsted and Lewis sites, as
shown in Figure 2d. Excerpts of the Fourier transform Infrared
(FTIR) spectra of F-ASA contacted with various amounts of
pyridine are shown in Figure 2e. These spectra contain minor
bands at 1549 and 1635 cm−1 from adsorbed pyridinium and
bands at 1445, 1490, 1574, and 1611 cm−1 from Lewis adducts
of pyridine and aluminum in F-ASA. Consistent with this
analysis, the 15N{1H} CPMAS NMR spectrum of F-ASA
contacted with 15N-pyridine contains signals at 201 ppm for
pyridinium and 260 ppm for pyridine bound to Lewis sites
(Figure S20).
Triethylphosphine oxide (TEPO) binds stronger to Lewis

sites than pyridine17 and is a complementary probe that is
often used to study acidity on surfaces using 31P MAS NMR.18

The 31P{1H} MAS NMR spectrum of F-ASA contacted with
various amounts of TEPO is shown in Figure 2f. These spectra

contain signals at 77 ppm assigned to TEPO interacting with
Lewis sites and signals at 68 ppm assigned to TEPO interacting
with Brønsted sites. The integrated intensity of these peaks is
∼10:1 Lewis/Brønsted, and is consistent with pyridine
adsorption data showing that Lewis sites are the major species
in F-ASA. The change in 31P NMR chemical shift (Δδ(31P))
reports the strength of Lewis acids.19 The Δδ31P values from
strong Lewis sites are 27 ppm. The Δδ(31P) of 1 contacted
with TEPO is 28 ppm,12b indicating that the Lewis sites in F-
ASA are of similar strength as the well-defined aluminum site
in 1. Although F-ASA contains Al(IV), Al(V), and Al(VI) sites;
the 27Al MAS NMR spectra of F-ASA in contact with either
pyridine or TEPO show pronounced increases in tetrahedral
Al(IV) sites and decreases in Al(VI) sites. This result suggests
that the aluminum sites rearrange when contacted with these
substrates and implies that the aluminum sites in F-ASA are
accessible to substrates.
Figure 3 shows representative data for the F-ASA breakdown

of high-molecular-weight iPP (Mw = 447.3 kDa; D̵= 5.5). A
neat melt of polymer with F-ASA at a very low catalyst loading
(6 wt %, ∼2000 monomer/Al, 0.05 mol % Al) forms an oil that
is soluble in hydrocarbon solvents with the complex micro-
structure shown in Figure 3a. The conversion and selectivity
versus time are plotted in Figure 3b. F-ASA also produces a
small amount of light gas or liquid alkanes/alkenes (C1 ∼ C9).
The minor gaseous products contain mostly butenes, although
small amounts of propene, propane, and C5 products are also
formed. Only traces of methane and ethane are in the gas
phase. H2 also forms in the reaction, reaching a maximum of
∼3 equiv of H2 per aluminum after 6 h.

Figure 2. 19F fast MAS NMR spectrum of F-ASA (a). 27Al MAS NMR spectrum of F-ASA (b). The experimental spectrum in (b) is shown in black,
the full simulation of the spectrum is in red. The light shaded signals in green, blue, and red are simulated intensities for the Al(IV), Al(V), and
Al(VI) sites, respectively. 19F{27Al} S-RESPDOR dephasing curve for the Si−F resonance of F-ASA (c). Reactive probes to determine acid site
distribution in F-ASA (d). FTIR spectra of pyridine adsorbed onto F-ASA (e). 31P{1H} MAS NMR data of F-ASA contacted with
triethylphosphine oxide (f). The spectrum in (a) and the dephasing curve in (c) were recorded at 14.1 T with νrot = 33.333 kHz. The spectrum in
(b) was recorded at 18.8 T with νrot = 18.87 kHz.
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Time-resolved GPC data of the oil are shown in Figure 3c.
At short reaction times, moderately high-molecular-weight
products (Mn = 3.1 kDa, D̵ = 1.45; Mn = 0.6 kDa, D̵= 1.2) are
present in the chromatograms. As the reaction progresses these
products are consumed, and lower-molecular-weight products
are formed until a bimodal molecular weight distribution is
obtained. The lowest-molecular-weight fraction from this
experiment has Mn ∼ 0.17 kDa and D̵= 1.12, corresponding

to an average chain length of ∼14 carbons for the lowest-
molecular-weight fraction.
The 13C{1H} NMR spectra of iPP and the oils produced at 2

and 6 h reaction times are shown in Figure 3d. Independent of
the reaction time, F-ASA produces oils that have essentially
identical, yet extraordinarily complex microstructures. This
complex signal pattern is characteristic of complete loss of
diastereoselectivity from the iPP and formation of regioirre-
gular errors that resemble hyperbranched random ethylene-
propylene copolymers.20 However, analysis of the unreacted
polymer shows minimal degradation of <mmmm> tetrads
(Figure S33). The oils from this reaction contain ∼2% olefins
as mostly internal di- and trisubstituted olefins (major, ∼86%)
and terminal vinylidene signals (minor, ∼14%). Signals for
terminal α-olefins are not observed. 1H NMR signals for
aromatics, which are known to form in pyrolysis reactions,6b,21

are also present in low quantities (0.2%).
F-ASA shows broad-spectrum reactivity toward aliphatic

polymers to form branched oils as the major product of the
reaction. The yields from these reactions are summarized in
Figure 4a. Detailed characterization of the oils generated in
these reactions is given in the Supporting Information. Low-
molecular-weight iPP (Mn = 13.3 kDa, D̵= 2.4) forms branched
oils in 83% yield, similar to the results shown in Figure 3. At
lower F-ASA loading (2 wt %, Monomer/Al = 6000), oils form
in 68% yield. At 3000:1 monomer/Al loading, F-ASA converts
this iPP to oils in 78% yield. Isolation of the catalyst after the
reaction gives a black powder (Figure S52) indicating that the
catalyst contains coke after the polymer breakdown reaction.
However, analysis of the coked catalyst by 27Al MAS NMR
contains signal patterns essentially identical to those of fresh F-
ASA (Figure S54). Calcination of spent F-ASA at 500 °C
removes the coke and regenerates the catalyst. Over two
subsequent recycles, F-ASA converts low-molecular-weight iPP
to oils in 80% and 69% yields, respectively.
F-ASA is superior in this reaction compared to other closely

related materials. Aluminum oxide partially dehydroxylated at
1000 °C (Al2O3−1000), a material that contains strong Lewis
sites capable of activating C−H bonds,22 shows poor reactivity
in PP breakdown, resulting in only 2% isolated yield of
branched oils. Commercially available SiO2/Al2O3 or ASAs
generated from either Al(TBOS)3 (TBOS = tri(tert-butoxy)-
siloxy)10b or Al(OiPr)3

11a also show poor reactivity toward PP
in this reaction. HF-treated SiO2/Al2O3 performs somewhat
better in this reaction, forming oils in 18% yield.
Melts of ethylene/1-octene copolymer (ENGAGE) or high-

density PE (HDPE) also react with F-ASA to form branched
oils as the major product, though higher catalyst loadings are
required to achieve yields >70% of oils in a single run.
Dropping F-ASA loading to 5500:1 in HDPE degradation
reaction results in a 34% yield of hyperbranched oils (B/1000
C = 180). This reactivity data infer a general reaction trend of
iPP > ethylene/1-octene copolymer ∼ HDPE in terms of yield
of oil.
F-ASA also breaks down common postconsumer plastics

shown in Figure 4b to branched oils. The trends that emerge
are very similar to those described above for the virgin
polymers. The reactivity of the various polymers, in terms of
yield of oil, follows the trend PP > LLDPE ∼ LDPE > HDPE.
Purposely adding 10 wt % PVC to the PP water cup only
marginally reduces yields in the polymer breakdown reaction,
indicating that F-ASA is compatible with this common

Figure 3. Breakdown of iPP with F-ASA (a). Product and conversion
versus time (b). GPC data of oils (c). 13C{1H} NMR data of oils (d).
PDI = polydispersity index = D̵.
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impurity that acts as a poison to many catalysts in these types
of reactions.
In addition to the broad plastic substrate scope and

recyclability, F-ASA is scalable to some extent. Using a
relatively straightforward distillation apparatus (Figure S48), 1
g of F-ASA in a melt of 50 g of neat iPP (Mn = 13.3 kDa, D̵=
2.4) forms distilled oils in 68% yield with a heavy extractable
fraction formed in 10% yield. The spectroscopic properties of
these oils are similar, but the heavier fraction contains higher-
molecular-weight waxes. Similar properties are obtained with
high-molecular-weight iPP, HDPE, Engage, and the commer-
cial food container as shown in Figure 4b. These results are
summarized in Table S8 of the Supporting Information.

■ DISCUSSION
Selected strategies to chemically process HDPE are shown in
Figure 5. High-temperature pyrolysis forms pyrolytic crude oil
in moderate yields.23 Uncatalyzed pyrolysis requires >415 °C
to begin break down of HDPE or above 355 °C to initiate
pyrolysis of PP, temperatures far below what is required to
pyrolyze or crack small molecule alkanes in the absence of
catalysts. These reactions probably involve free radicals that
cleave polymer chains.24 The high operating temperature in
pyrolysis reactions also results in complex unselective reactions
that form aromatics that can complicate downstream
processing of the pyrolysis oil.
Basset and Dufaud showed that Zr−H supported on silica

polymerizes ethylene and depolymerizes polyethylene in the
presence of H2.

25 This reaction generates a distribution of
linear alkanes, ultimately converging to a mixture of methane
and ethane at a high conversion. During the past several years,
this reaction re-emerged more broadly in hydrogenolysis of
polymers. For example, [Zr−H+]26 or [Ta−H+]25−27 sites

supported on sulfated oxides are more reactive than hydrides
supported on silica in this reaction. Alternatively, intermediates
in the catalytic cycle can be intercepted by alkylaluminum
reagents for further chemical elaboration.28 Supported noble
metal nanoparticles29 or ZrO2 nanoparticles30 also catalyze
hydrogenolysis of HDPE.
Selected strategies that do not involve hydrogen are also

listed in Figure 5. For example, mixtures of Ir-, Pd-, and Ru-
complexes catalyze orthogonal reaction chemistries that
dehydrogenate the polymer, isomerize the olefin, and
ultimately cleave chains through ethenolysis.31 These reactions
form propylene as a major product with molecular catalysts
and mixtures of propylene and isobutene with heterogeneous
catalysts. Ionic liquids containing chloroalkanes cleave C−C

Figure 4. Yield of oil from various polymer breakdown reactions with F-ASA (a). Pictures of commercial polymers that react with F-ASA (b). The
numbers given over the bars in (a) are the monomer/Al ratios. Unless noted otherwise, reactions were run at 250−300 °C as neat melts. a�330
°C; b�recycled by calcining the spent catalyst under air at 500 °C; c�370 °C; d�contains 10 wt % PVC; e�contains HDPE, PP, LDPE, LLDPE;
f�Mn = 13.3 kDa, D̵= 2.4; g�ethylene/1-octene (Engage) copolymer (Mn = 140.1 kDa, D̵= 2.1); h�Mn = 49.1 kDa, D̵= 5.7, B = 5/1000 C.

Figure 5. Selected reactions that chemically break down HDPE.
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bonds in HDPE into liquid branched alkanes by forming
carbocations that crack to form alkanes and alkenes that are
subsequently alkylated.32 Oxidative processes produce mix-
tures of carboxylic acids that are subsequently metabolized by
organisms to functionalized organic molecules.33 Finally,
Pt(0)/Al2O3 forms long-chain aromatics from PE.21

F-ASA-catalyzed pyrolysis is complementary to these
methods. The most attractive feature of F-ASA is that this
catalyst does not require an additional reagent to drive the
reaction. The conditions for chain cleavage are similar to those
using Pt(0)/Al2O3, but aromatics are not formed as readily
with F-ASA. Instead, highly branched alkanes form, even from
linear HDPE. In that case, F-ASA forms a branched oil
containing 181 branches per 1000 C from an HDPE material
containing less than 3 branches.
The formation of internal olefins and branches provides

some explanation for how a reaction that is clearly
thermochemically unfavorable can become favorable. Scheme
1 shows calculated ΔG for n-undecane cleavage at 300 °C.

Cleavage to form n-hexane and 1-pentene is quite unfavorable,
but including one branch in the C6 fragment and isomerizing
the terminal olefin to internal reduces overall ΔG by ∼2 kcal
mol−1. Increasing branching and substitution of the olefin in
the C5 fragment renders the reaction more favorable than the
linear case by 3.7 kcal mol−1. These values are obviously
imperfect. Liquid n-undecane hardly approximates an aliphatic
polymer melt, but these values provide a simple explanation to
support the observations that polymers cleave thermally in
catalytic reactions with F-ASA.
There are a couple of mechanistic questions involving F-

ASA that warrant limited commentary. Fluorinated alumina is
often prepared by treating an oxide with HF, CClF3, or alkyl
fluorides.34 Nanoscopic AlFxO3‑x are also available through
nonaqueous sol−gel methods.35 In 1, the Al−ORF fragment
thermally decomposes to F-ASA. This chemistry is related to
thermolytic molecular precursors, a class of compounds
containing thermally sensitive ligands that controllably
decompose to form materials or single sites supported on
oxides.36 Though Al(OC(CF3)3)3 is not expected to behave as
a thermolytic molecular precursor, Krossing and co-workers
showed that base-free Al(OC(CF3)3)3 eliminates the epoxide
of perfluoroisobutene,37 the same epoxide detected in
thermolysis of 1, and shows that there is a relatively low
barrier process to controllably decompose the −OC(CF3)3
ligand.
Thermolysis of Al−ORF in 1 is clearly more complex

because a significant fraction of the −OC(CF3)3 ligand
decomposes to CO2 and Si−F. This suggests a rather
complicated sequence of mechanistic steps that formally
transfers C−F bonds to Si−O−Si to form Si−F and eventual

transfer of oxygen to carbon to form CO2. The exact sequence
of steps that led to these products is unknown. Though
mechanistic information is limited, descriptions of fluoroalkane
decomposition on silica date to at least the 1960s.38 O�CF2
or CO, common intermediates in fluorocarbon decomposition
reactions, was not detected under the conditions reported here.
The reactive intermediate(s) that result in chain cleavage are

also not known. It is tempting to ascribe most, or all, of this
behavior to the acidic sites present on F-ASA. Carbocations in
ASAs or crystalline zeolites form from reactions of Brønsted or
Lewis sites,39 and F-ASA and related fluorinated alumina
contain both. In polymer melts, when a carbocation forms, β-
scission reactions are proposed to cleave C−C bonds of the
main chain.17

A more provocative explanation may lie in studies performed
by McVicker, Kramer, and Ziemiak in cracking reactions of
isobutane using zeolites and halogenated aluminas.40 Zeolites
show typical selectivity profiles from carbocation-based
cracking reactions. However, halogenated aluminas produce
far more isobutene, propene, and methane. These products
were proposed to form from reactions of “defect” sites and
isobutane to form alkyl radical cations. Though alkyl radical
cations are obviously reactive,41 and isobutane radical cations
are expected to form methane and propene, this proposal is
unlikely. The vertical ionization potential for isobutane is 10.7
eV, a value far higher than reasonably accessible on a redox
inactive oxide.42 An alternative explanation is the formation of
an isobutyl radical after a hydrogen atom abstraction (or
proton-coupled electron transfer) by the defect site,43 shown in
eq 1 for a putative oxygen-centered defect site. Thermal

cracking of isobutane through radical intermediates also forms
isobutene, propene, and methane with similar selectivity to
those studied by McVicker, Kramer, and Ziemiak.44 If similar
chemistry occurs with F-ASA will require further study, but a
similar reaction could explain the efficiency of F-ASA in
initiating the polymer breakdown reactions presented here.

■ CONCLUSION

A well-defined silica−alumina material containing a strong
Lewis acid site thermally decomposes to fluorinated silica−
alumina (F-ASA). This material contains both Lewis acidic
aluminum and Brønsted acid sites. A number of aliphatic
polymer melts (250−300 °C) react with F-ASA at low catalyst
loading to form branched hydrocarbon oils in good yields.
Catalyst loadings as low as 2 wt % (0.017 mol % aluminum)
are accessible. The oils contain olefins for further chemical
elaboration and form only a small amount of aromatics. The
low aromatic quantity of aromatics is probably related to the
much lower temperature of F-ASA-mediated pyrolysis
compared to that of uncatalyzed pyrolysis and the absence of
a transition metal that can reversibly dehydrogenate and
cyclize paraffins more readily. The mechanistic questions raised
here require further study, which is currently underway.

Scheme 1. Calculated ΔG for n-Undecane Cracking at 300
°C Using Values from NIST
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