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Catalytic carbon-carbon bond cleavage
and carbon-element bond formation give new
life for polyolefins as biodegradable surfactants

Uddhav Kanbur,1,2 Guiyan Zang,3 Alexander L. Paterson,1 Puranjan Chatterjee,1,2 Ryan A. Hackler,4

MassimilianoDelferro,4 Igor I. Slowing,1,2 Frédéric A. Perras,1 Pingping Sun,3 and AaronD. Sadow1,2,5,*
The bigger picture

Typical chemical synthesis

constructs large, intricate

products from smaller building

blocks. Yet, naturally occurring

resources often contain

preassembled molecular

components, which nonetheless

are not directly suitable for

conventional routes to desired

products. Thus, sustainable

conversions would be advanced

by efficient catalytic methods that

restructure the carbon-based

skeletons of molecules and install

functional groups.

We report the discovery of such a

conversion, in which long

hydrocarbon chains of polymers

are broken into shorter units with

the introduction of aluminum end

groups. These green

organoaluminum species are

easily derivatized into

biodegradable fatty alcohols,

carboxylic acids, or halides,

providing high-value, end-of-first-

life applications for the catenated

chains of single-use polyolefins.
SUMMARY

Catalytic methods that introduce functional groups via carbon–
carbon bond cleavage steps have typically been limited to moieties
activated by strain or by directing groups, with few transformations
engaging the bonds of only sp3-hybridized carbon atoms in satu-
rated hydrocarbons. Here, we report the conversion of catenated
carbon chains in polyolefins, which currently represent >50% of dis-
carded plastics, into shorter aliphatic alkylaluminum species via a
sequence of zirconation via C–H bond activation, b-alkyl elimination
for carbon–carbon bond cleavage, and heterobimetallic alkyl group
exchange for carbon–aluminum bond formation. The versatility of
aliphatic alkylaluminum species is exemplified by their subsequent
conversion into high-value fatty acids or alcohols, which have
applications as biodegradable surfactants and detergents. A tech-
noeconomic analysis indicates that fatty alcohols produced from
discarded polyolefins are cost competitive with conventional syn-
theses. Thus, this process could ameliorate economic and environ-
mental challenges of the plastic-waste crisis.

INTRODUCTION

C–H bondmetalations, in which a hydrogen atom is replaced by ametal center, have

revolutionized syntheses by reducing or eliminating requirements for specific and

limiting chemical functional groups.1–3 In these metalations, the carbon-based mo-

lecular framework of the organic reactants is preserved in the functionalized prod-

ucts. An even wider range of starting materials could be leveraged by methods

that concurrently alter the carbon-based skeleton of organic molecules and intro-

duce new functional groups. With such transformations, for example, natural re-

sources that contain structural components of the desired products would become

available for chemical manufacturing, or framework reconstructions could increase

late-stage structural diversification during multistep syntheses. C–C bond metala-

tions, in which a metal center replaces a specific hydrocarbyl moiety, would enable

these framework functionalization reactions. Current methods that install a metal

center by breaking a carbon–carbon bond, however, are limited to positions acti-

vated either by thermodynamically weakened bonds or directing functional groups

(Figure 1A).4–7 On the other hand, established C–C bond cleavages involving only

sp3-hybridized carbon centers generally do not provide new carbon–heteroatom

bonds. For example, alkanemetathesis (Figure 1B) alters chain lengths without intro-

ducing new functional groups.8,9 Likewise, hydrogenolysis of carbon–carbon bonds

in hydrocarbons, catalyzed by heterogeneous platinum-group nanoparticles10,11 or

air-sensitive early transition metal hydrides,12,13 provides shorter alkane products.
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Figure 1. Catalytic methods for carbon–carbon bond cleavage

(A) Functional groups may be added at thermodynamically activated or kinetically preferred

positions.

(B and C) Saturated hydrocarbons in small molecules and polymers may be shorted by alkane

metathesis (B) or nanoparticle or early-metal hydride-catalyzed hydrogenolysis (C) without

introduction of new functionality.

(D) Carbon–carbon bond cleavage and aluminum–carbon bond formation is catalyzed by surface-

supported organozirconium species.
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Molecular skeleton restructuring transformations could be useful, for instance, in the

deconstruction of polymers for which there are growing environmental and socio-

economic concerns.14,15 Conventional technologies, such as mechanical recycling

through melt-processing, are insufficient to fully address this global problem.16,17

Chemical conversion of polymers have been proposed as an alternative strategy

that could provide a second life for the catenated chains of used plastics.18,19 For

example, polyolefins may be transformed into liquid fuels by pyrolysis or hydro-

cracking,20 polyesters may be chemically recycled via monomers,21 plastic-to-plastic

transformations can upcycle used materials into new ones,22–25 and discarded plas-

tics can serve as feedstocks for value-added chemical products. Alkane cross-

metathesis,26 noble-metal-nanoparticle catalyzed hydrogenolysis,27–31 and sur-

face-supported zirconium-hydride-catalyzed hydrogenolysis,32 noted above, have

been adapted to transform polyolefins into waxes, oils, lubricants, or alkylaromatics.
1348 Chem 7, 1347–1362, May 13, 2021
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Of the existing methods, only the oxidative degradation of polyolefins provides use-

ful functionalized small molecules, such as in the conversion of high density polyeth-

ylene (HDPE) into a mixture of short a,u-diacids (e.g., HO2C(CH2)nCO2H; n = 2–5),

whose selectivity is governed by the rules of radical chemistry.33 These reactions,

as well as pyrolytic approaches, are currently moving toward commercial practice

for the conversion of polyolefins.18 Catalytic C–C bond metalation reactions, which

provide versatile organometallic intermediates, could benefit from catalyst-

controlled selectivity to enable upcycling transformations to narrow distributions

of long-chain chemicals.27,28

Intermediate-length chain-alkylaluminum species are high among desirable targets for

polymer deconstruction processes because these organometallics, conventionally syn-

thesized using the Ziegler process, can be converted into fatty alcohols and acids

through established methods.34,35 The heteroatom-functionalized species are biode-

gradableand, if produced fromdiscardedpolyolefins,wouldprovideanenvironmentally

friendly end-of-life for some plastics. In addition, the hydrido- or organoaluminum re-

agents to be employed in such transformations are further advantaged because

aluminum iswidely available as themost abundantmetal (8.2%as anoxide) in the earth’s

crust, and it is readily converted (or recycled) from its oxide tometal to organoaluminum

species in atom-economical, optimized processes performed on a large scale.36

We envisioned that organotransition-metal species, generated as catalytic interme-

diates by cleavage of C–C bonds in saturated hydrocarbons, could undergo meta-

thetical exchange with organo- or hydridoaluminum species, to create the new inter-

mediate-length chain hydrocarbyl-aluminum species. Such alkyl group metathetical

steps are established in carboalumination and hydroalumination of alkenes37,38 and

as chain-transfer steps in chain-shuttling block co-polymerizations of ethylene and

a-olefins.39 These processes commonly engage organozirconium catalysts. More-

over, coordinatively unsaturated zirconium sites, including surface-supported zirco-

nium hydride in catalytic polyolefin hydrogenolysis,32 are known to break C–C bonds

by b-alkyl elimination.40 The related b-allyl elimination and organozirconium/hydri-

doaluminum exchange are proposed in polybutadiene deconstruction and alumina-

tion, catalyzed by Cp2ZrHCl (Schwartz’s reagent), which attaches to the chain by

hydrozirconation rather than C–H bond metalation.41

Here, we report the catalytic C–C bond alumination of sp3-hybridized carbon in

aliphatic hydrocarbons, leveraging C–H bond activation and b-alkyl elimination

steps of surface organometallic zirconium chemistry.13,42–49 Our studies have

focused on identifying effective catalysts and aluminum reagents, as well as under-

standing their effects upon the elementary steps involved in reactions through con-

versions of polyethylene into fatty aliphatic alkylaluminum species.
RESULTS

Design of carbon–carbon bond alumination

The first experiments employed Zr(CH2CMe3)2@SiAlOx (2.7 wt % Zr, 0.30 mmol Zr/

g), which was prepared by grafting Zr(CH2CMe3)4 onto partially dehydroxylated sil-

ica-alumina (0.38 mmol SiOH/g; 9.3 wt % Al; 182 m2/g; see Figure S89) in pentane

(see Supplemental experimental procedures).47,50,51 The surface species contains

an average of two neopentyl groups per zirconium center, as determined by

elemental analysis using inductively coupled plasma-optical emission spectroscopy

(ICP-OES) and protonolytic titration. Melted HDPE and AliBu3 (�10:1 by weight)

react in the presence of this precatalyst over 12 h at 150�C to give, after flowing
Chem 7, 1347–1362, May 13, 2021 1349



n

10-15 Al Bu3
+

Zr(CH2CMe3)n@SiAlOx

150-200 °C, 12 h
m

– HCMe3, – H2C=CMe2,
– CMe4

n
H

+

ym

O2

CO2

n

m

H
+

I2

MeOH

y

Al Bu3-y

I

n

m

H
+

y H

n

m

H
+

y OH

n

m

H
+

y CO2H

Scheme 1. C–C bond alumination followed by quenching

Routes from fatty alkylaluminum intermediates to fatty alcohols, fatty acids, alkyl halides, and

hydrocarbons.
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dry air through the reactor and extraction with methylene chloride, an oil containing

fatty alcohols and alkanes in a nonoptimized 31% yield (based on initial HDPE mass,

Scheme 1). Fatty alcohols in the product mixture corresponded to O2-quenched

organometallic species, including alkylaluminum and any active alkylzirconium inter-

mediates, whereas hydrocarbons were present in the reaction mixture prior to

quenching. Thus, the combination of Zr(CH2CMe3)2@SiAlOx and AliBu3 mediates

the desired carbon–carbon bond cleavage and carbon–aluminum bond formation

in aliphatic hydrocarbons.

The isolated reaction products were analyzed by infrared (IR) and 1D and 2D solu-

tion-phase nuclear magnetic resonance (NMR) spectroscopy, matrix-assisted laser

desorption ionization time of flight-mass spectrometry (MALDI-TOF-MS), and gas

chromatography mass spectrometry (GC-MS). The first evidence of alcohol products

in the isolated oils was provided by broad signals in the IR spectrum at 3,430 and

1,090 cm–1 that were characteristic of nO–H and nC–O stretching bands (Figure S4).

These assignments were further supported by MALDI-TOF-MS analysis, which de-

tected functionalized monoalcohols from C35H71OH up to C64H129OH directly52

and aliphatic hydrocarbons as 107/109Ag+ adducts (see Figure S5). In addition, quan-

tification of the components by GC-MS analysis revealed fatty alcohols from C12–C20

and long-chain hydrocarbons C19–C30 compose only 6% of the oil, bymass. Notably,

we did not detect signals corresponding to alkenes in IR, MALDI-TOF-MS, GC-MS,

or NMR spectra of the products (see below).

Analysis of 1D and 2D NMR spectra provided additional insight into the products’

structural features. The 1H NMR spectrum of the oil contained resonances at ca.

3.6 ppm, assigned to CH2OH in alcohols (Figure S1), which correlated with the

aliphatic hydrocarbon signals at 1.6 ppm in a COSY experiment (Figure S2). The

3.6 ppm resonance also correlated with 13C NMR signals at 60–70 ppm in a

phase-sensitive 1H-13C heteronuclear single quantum coherence (HSQC) spectros-

copy experiment (Figure S3). These cross-peaks appear with the same phase as

those at 30 ppm, assigned to the CH2 signals from the polyethylene backbone,

and the phase opposite to that of cross-peaks at 13 ppm assigned to methyl groups.

These data indicate that the detectable alcohol groups in the oil are primary, leading

to the conclusion that the direct products of C–C bond cleavage in HDPE are termi-

nal organometallic species.

Because all molecules in the oil are either monoalcohols or alkanes (i.e., there are

either one or zero OH groups per molecule), as shown by the MALDI-TOF-MS
1350 Chem 7, 1347–1362, May 13, 2021
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analysis, the fraction of molecules containing functional groups (in this case, OH) is

equal to the fractional number of functional groups per molecule (#FG). The #FG

were calculated as the difference between the number of end groups (#EG) on a

chain and the number of methyl chain ends (#CH3). The #EG is equal to the sum

of the two end groups in a linear chain and the end groups created by each of the

branching points, and the number of branch points is equal to the number of me-

thine groups (#CH), giving Equation 1 for calculating the fraction number of func-

tional groups per molecule:

#FG = #EG -- #CH3 = ð2 + #CHÞ -- #CH3 (Equation 1)

Using integration of the assigned 1H NMR spectrum, the fact that all alcohols are ter-

minal, and assuming that CMe2 groups and cyclic species are insignificant, this oil is

estimated to contain a 7:3 ratio of monoalcohol:alkane. The absolute yield of alco-

hols corresponds to ca. 50% of the total valence available from the AliBu3 (i.e., 1.5

fatty alkyl chains per aluminum). In addition, 40% of the methyl groups present in

the oil are bonded to methine carbons, and the remaining methyl groups are

bonded tomethylene carbons (chain or long branch ends). TheseMeCHRR’ moieties

may be formed via 1,2-insertion of an a-olefin into a metal-alkyl, which subsequently

metalates another polymer chain, or as a part of amethylalumination process (Me3C-

CH2Al species are known to react by b-methyl elimination).53

At 200�C, the Zr(CH2CMe3)2@SiAlOx-catalyzed reaction of HDPE and 10 equiv of

AliBu3 gave a higher yield of oils (40%) (Table 1, entry 2) after 12 h. A MALDI-TOF-

MS revealed shorter chains (a C34-centered distribution) (Figure S10) compared

with the products from the experiment at 150�C. The synthetic versatility of the alky-

laluminum products was demonstrated in HDPE deconstruction reactions quenched

with methanol, I2, or CO2 (Table 1, entries 4–6) that gave hydrocarbons, or mixtures

containing alkyl iodides or fatty acids, respectively. As expected, similar C32- to C34-

centered distributions of chains (seeMALDI-TOF-MSof fatty acids in Figure 2) are ob-

tainedwith protonolytic, oxidative, or electrophilic quenching agents, indicating that

identical fatty alkylaluminum species are intermediates, and the quenching agent

does not affect the product chain length.We also note that this catalytic system trans-

forms postconsumer HDPE from a supermarket bag, which was otherwise untreated,

as well as isotactic polypropylene (iPP) (Table 1, entries 11 and 12), which also pro-

vides functional-group-containing oils. Note that CH metalation of methyl groups

in iPP, followed by b-alkyl elimination, readily deconstructs the polymer backbone.
Effects of aluminum reagents

On the basis of these initial results, and leveraging the analytical methods adapted

to characterize the composition and structure of a distributions of functionalized

chains, we investigated the effects of aluminum reagents on catalytic carbon–

carbon bond cleavage and alumination in conversions of polyethylene. Essentially

identical yields were obtained after 24 h of continuous heating or upon addition

of a second portion of AliBu3 after 12 h, suggesting that the zirconium catalyst

was deactivated during the first portion of the reaction. Experiments with more

AliBu3 (50 equiv relative to Zr) gave only minimal amounts of oil (3%). Together,

these experiments suggest that the aluminum reagent at higher quantities is

involved in catalyst deactivation steps.38 Improved conversion of HDPE was instead

accomplished by adding portions of Zr(CH2CMe3)2@SiAlOx and AliBu3 every 12 h.

Polymer was not observed after three reaction cycles with a total oil yield of 84%.

Main-group alkyl and hydride reagents influence catalytic alkene polymerizations

and could also affect these deconstruction reactions. The trend of reactivity of a
Chem 7, 1347–1362, May 13, 2021 1351



Table 1. Zr-catalyzed deconstructive functionalization of polyolefin chains

Entry Initial polymer mass (g)a,b

Conditions Yield

AlR3 T (�C) Mass (g) % versus POc
% functionalized
chains

Zr(CH2CMe3)2@SiAlOx

catalyst

1 0.63 AliBu3 150 0.19 31 71

2 1.00 AliBu3 200 0.4 40 68

3 1.00d AliBu3 200 0.84 84 66

4 1.00e AliBu3 200 0.38 38 N/A

5 0.54f AliBu3 200 0.23 43 68

6 0.55g AliBu3 200 0.20 36 75

7 0.51 AlEt3 150 0.13 25 39

8 0.60 AlEt3 200 0.15 24 54

9 0.64 AlPh3 200 0.19 29 66

10 0.52 AlH3 200 0.22 42 89

11 0.60h AliBu3 200 0.19 31 60

12 1.00i AliBu3 200 0.27 27 N/A

Zr(OCH2CMe3)2@SiAlOx

catalyst

13 0.60 AliBu3 200 0.21 34 51

14 0.35 AlH3 200 0.17 49 62

15 0.85j AlH3 200 0.51 60 67

Zr(CH2CMe3)2@SiO2

catalyst

16 1.00 AliBu3 200 0.35 35 85

17 0.41 AlEt3 200 0.13 33 82

PO, polyolefin; N/A, not applicable.
aStandard conditions: 21 kg HDPE/mol Zr, Al:Zr = 10:1, 150�C–200�C, 12 h, followed byO2 quench to give

fatty alcohols. Data in support of this table is given in Figures S1–S17.
bHDPE: Mn = 6.2 kDa, Mw = 38.6 kDa, Ð = 6.2.
c% Yield = mass of oil/mass of PO.
d3 portions of Zr(CH2CMe3)2@SiAlOx/AliBu3 were added over 36 h.
eQuenched with MeOH to give saturated hydrocarbon products.
fQuenched with I2 to provide long-chain alkyl iodides.
gQuenched with CO2 to form fatty acids.
hPostconsumer HDPE: Mn = 5.3 kDa, Mw = 105 kDa, Ð = 19.8.
iiPP: Mn = 37.4 kDa, Mw = 117.6 kDa, Ð = 3.2. Quantitative estimation of functional group analysis of the

product is not possible due to quaternary carbon centers.
jPerformed under dynamic vacuum.
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series of main-group compounds in this Zr(CH2CMe3)2@SiAlOx-catalyzed polyeth-

ylene conversion process, in terms of yields of oils, is AlH3 � AliBu3 > AlPh3 �
AlEt3 >> AlMe3�HAliBu2 (DIBAL-H)�HAlMe2� ZnEt2. The Al reagents which react

by hydride transfer, namely AlH3 and AliBu3, give higher yields of functionalized

chains than reagents that only transfer organic groups such as AlMe3. Several of

these experiments also provide evidence for metalation and carboalumination steps

that are part of the proposed reaction pathway (see below). In the absence of

aluminum reagents under otherwise identical conditions, only minor amounts of

light alkenes and alkanes are detected in the reaction mixture.

The most effective co-reactant for Zr-catalyzed deconstruction of HDPE was AlH3,

the reaction of which provided oil in a yield (42%) comparable with the reaction

with AliBu3 and a significantly higher proportion of alcohol chains (89%) in the oil

product. Similar ranges of CnH2n+1OH (30 % n % 44) species were observed in

the MALDI-TOF-MS spectra (Figure S10 and S10.5) of oils obtained in otherwise

equivalent reactions using AlH3 and AliBu3 at 200�C. Triethylaluminum (AlEt3) was
1352 Chem 7, 1347–1362, May 13, 2021
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Figure 2. MALDI-TOF-MS of fatty acid distribution

The oil product obtained from the Zr(CH2CMe3)2@SiAlOx-catalyzed reaction of HDPE and AliBu3 at

200�C for 12 h followed by reaction with CO2, is analyzed as Ag+ adducts.
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less effective for carbon–carbon bond cleavage than AliBu3 or AlH3 in the presence

of Zr(CH2CMe3)2@SiAlOx as precatalyst, affording oils in 23% yield after 12 h at both

150�C and 200�C. The structure, HO-CH2-CH(CH2CH3)-polymer chain, identified

through a 1H-1H COSY experiment (Figure S34), was the dominant alcoholic species,

based on the 1.53:1 ratio of integrated signals of (CH)–CH2–CH3 to CH2–OH (Fig-

ure S33). The fraction of molecules containing OH, as calculated using Equation 1,

was 0.39. Thus, AlEt3 was less active than AliBu3 and also less effective for intro-

ducing aluminum into the products, giving the highest percentage of alkanes of

all reactive aluminum reagents (see Discussion). A higher yield of oil product (29%

by mass after work-up with O2) from the catalyzed reaction of HDPE and AlPh3 at

200�C compared with AlEt3 was partially affected by the added mass accompanied

by formation of aromatic-containing species, identified by 1H and 13C NMR spec-

troscopy, and MALDI-TOF-MS (Figures S9.1–S9.6). Treatment of HDPE with either

ZnEt2 or AlMe3, which are often effective in coordinative chain-transfer polymeriza-

tion,54,55 or aluminum hydride reagents HAliBu2 and HAlMe2 did not provide fatty

alcohol oils after work-up.
Catalytic materials

A control experiment lacking zirconium, in which partially dehydroxylated SiAlOx,

AliBu3, and HDPE were heated at 200�C for 12 h, returned the polymer with little

change to its molecular weight (Mn = 5.8 kDa) and trace amounts (< 2%) of trimerized

isobutylene from AliBu3 thermolysis.56 Although acid sites on SiAlOx (or even weaker

silanols on SiO2) mediate degradation of HDPE at 200�C,57 AliBu3 reacts to cap the

few surface silanol sites58,59 and blocks acid-promoted thermolysis to favor zirco-

nium-catalyzed pathways. In addition, negligible amounts of oil are obtained from

catalytic deconstruction/alumination experiments in which Zr(CH2CMe3)2@SiAlOx

is pretreated with H2 to generate hydridozirconium species as the precatalyst.

We initially tested Zr(CH2CMe3)2@SiAlOx because its surface hydrides are reported

to be more active for propane metathesis and polyolefin hydrogenolysis than the
Chem 7, 1347–1362, May 13, 2021 1353
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silica-supported analogs.32,60 Our direct dynamic nuclear polarization (DNP)-

enhanced61 17O{27Al} transfer of population double-resonance (TRAPDOR)62–64

NMR experiments, however, revealed that the Zr is not in close proximity to Al cen-

ters in the precatalyst (Figure S96). More specifically, while the oxide 17O sites pre-

dictably dephased following 27Al irradiation, indicating the presence of O-Al link-

ages near the surface, the 17O sites bound to Zr did not, revealing that the Zr

coordinates exclusively to silanols in the precatalyst with the structure

(hSiO)2Zr(CH2CMe3)2 and not by reacting at hSi–OH–Alh Brønsted acid sites.

We investigated a silica-supported zirconium catalyst based on this spectroscopic

result. An aerosil silica-supported zirconium catalyst, Zr(CH2CMe3)2@SiO2, after

heating with HDPE and AliBu3 for 12 h at 200�C, provided an alcohol-containing

oil in nearly equivalent yield (35%) as the silica-alumina-supported catalyst. More-

over, the oil was composed of approximately 85% alcohols and only 15% alkanes.

The Zr(CH2CMe3)2@SiO2-catalyzed reaction with AlEt3 provided the oil product in

similar single-pass yield (32%) and high alcohol content (82%), as a contrast with

the silica-alumina supported zirconium catalyst. These reactions afforded alcohol

species with a normal, ca. C35-centered distribution of monoalcohols, as detected

by MALDI-TOF-MS (Figures S16.5 and S17.5, respectively). The similarly high reac-

tivity of catalysts supported on silica and silica-alumina may be attributed to the

known surface alumination and subsequent incorporation of aluminum centers

into silica framework sites in reactions of excess AliBu3 and SiO2.
59 In fact, trace

amounts of ethylsilane species were detected in GC-MS and NMR spectra of the re-

action products, which was consistent with aluminum substitutions for silicon occur-

ring in the silica support framework during the catalytic reaction. This in situ alumi-

nation of the silica support could influence the reactivity of the active species

generated from the Zr(CH2CMe3)2@SiO2 precatalyst. Such an effect would not be

available in alkylaluminum-free hydrogenolysis reactions catalyzed by surface-sup-

ported hydridozirconium, leading to distinct activity for zirconium supported on

the two oxides.

The silica- or silica-alumina-supported neopentylzirconium, as well as the

(hSiO)3ZrH catalyst for polyethylene hydrogenolysis, are exceedingly sensitive to

irreversible reactions with air andmoisture to give deactivated materials. Thus, small

amounts of protic or oxidative impurities in the polyethylene reactant could have an

outsized effect upon catalytic performance. Because the alkylaluminum reactant can

serve as an alkylating agent for converting alkoxyzirconium into alkylzirconium sur-

face species, some poisoned sites could also be reactivated under catalytic condi-

tions. In this context, we note that the polyolefin reactants used in this study,

although clean and dry, were essentially used as received and did not undergo

exhaustive purification prior to use. Moreover, convenient precatalysts for HDPE

deconstruction should be tolerant of air and moisture. Remarkably, Zr(CH2CMe3)2@-

SiO2 exposed toO2
65 was catalytically active for the reaction of HDPE and AliBu3 and

gave an oil in 34% yield with ca. 50% selectivity to alcohols. This air-exposed preca-

talytic material Zr(OCH2CMe3)2@SiAlOx can also be activated by AlH3, and the reac-

tion with HDPE afforded a higher yield (49%) and higher selectivity alcohols (62%).

Thus, alkoxyzirconium species are viable precatalysts for carbon–carbon cleavage

and alumination.

Technoeconomic analysis

These polyolefin deconstruction and heterofunctionalization reactions will enable

the development of incipient plastic upcycling and manufacturing efforts that are

either integrated into materials recovery facilities on a small scale or centralized
1354 Chem 7, 1347–1362, May 13, 2021
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over fewer, larger-scale facilities. A technoeconomic analysis (TEA) of a conceptual

centralized plant (see supplemental experimental procedures; Figure S94) was car-

ried out to process 250 metric tons (MT) of PE/day, at 90% utilization, and produce

ca. 71 MT fatty alcohol sulfate/day, as well as valuable paraffinic lubricant co-prod-

ucts. In the design, the expenses associated with the Zr catalyst and alkylaluminum

reagents are recouped by fully separating and recovering the former and by resell-

ing the latter as AlCl3 co-products (see Tables S1–S3). The estimatedminimum prod-

uct market price for the resultant surfactant (C40H81OSO3Na) is US$ 3.4/kg (Fig-

ure S95), which is comparable to the US$ 1–3/kg current market price of sodium

lauryl sulfate (from C12 alcohol).

Straightforward production of eicosanol (C20) and docosanol (C22), which are consid-

erably more valuable than C12 alcohol (see Table S4), could further motivate collec-

tion and processing of used polyethylene. Finally, we note that the longer function-

alized chains, uniquely inexpensive from this polymer deconstruction/alumination

process, could find new applications for upcycled polyolefins. The fatty alcohol or

fatty acid products obtained from catalytic deconstruction/alumination complement

the short-chain diacids formed from oxidative polymer degradations,33,66 unsatu-

rated species from thermal or pyrolytic processes,29,67 or hydrocarbons from hydro-

genolysis or alkane metathesis.26–28,32 Given the massive amounts of polyolefins

that are discarded each year, this complementarity, as well as the potential new ap-

plications of long-chain fatty alcohols and acids which are inaccessible by traditional

synthetic means, could benefit the implementation of this or related transformations

in the incipient practice of upcycling plastics into new, value-added products.
DISCUSSION

Evidence for sequence of elementary steps

This Zr-catalyzed polyethylene deconstruction to produce long-chain alkylaluminum

species likely follows the sequence of elementary steps shown in Scheme 2. First, the

polymer backbone and a surface-grafted alkyl or hydridozirconium species A react

via methylene C–H bond activation (1) to generate a midchain polymerylzirconium

B. Then, b-alkyl elimination40,68,69 (2) from the midchain polymerylzirconium B re-

sults in carbon–carbon bond cleavage to give a terminal olefin and a new oligomer-

ylzirconium species C. Finally, chain transfer to aluminum70–72 (3) occurs via hetero-

bimetallic alkyl group metathesis of the alkylzirconium with an alkyl or

hydridoaluminum species and (4) carboalumination37 or hydroalumination73 of the

in situ generated olefin by AlR3 results in a new aluminum–carbon bond.

Observations described below, made in the course of catalytic experiments, provide

support for the reaction sequence shown in Scheme 2. First, evidence for metalation

by alkylzirconium species in step 1 is provided by the reaction by-products. Neopen-

tane (CMe4) is detected in the reactor headspace within the first 15 min of experi-

ments catalyzed by Zr(CH2CMe3)2@SiAlOx, regardless of the organoaluminum re-

agent used, suggesting that the polymer is metalated by a Zr-CH2CMe3 species.

In a control experiment, CMe4 was not detected in the reaction of HDPE with

Zr(OCH2CMe3)2@SiAlOx and AliBu3. Thus, CMe4 formation is associated with metal-

ation by neopentylzirconium rather than resulting from reaction of neopentylalumi-

num species and/or polymer hydrogenolysis. Other organozirconium intermediates

also likely react with polymer chains, via metalation, to give midchain polymerylzir-

conium species B. For example, benzene is observed in reactions involving AlPh3
(prior to work-up with O2), supporting the idea that phenylzirconium intermediates

react with hydrocarbons by metalation. Oligomerylzirconium species (C), generated
Chem 7, 1347–1362, May 13, 2021 1355
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Scheme 2. Plausible sequence for polyethylene deconstruction and alumination

Possible sequence of elementary steps involved Zr-catalyzed polyethylene deconstruction into

long-chain alkylaluminum species, namely (1) metalation of the polymer backbone via C–H bond

activation by a grafted alkyl- or hydridozirconium species A, (2) b-alkyl elimination from a midchain

polymerylzirconium B; resulting in C–C bond cleavage to give a terminal olefin and a new

oligomerylzirconium species C; (3) alkyl group metathesis of the oligomerylzirconium with an alkyl

or hydridoaluminum species; and (4) carboalumination of an in situ generated olefin by AlR3

resulting in a new C–C bond.
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by b-alkyl elimination of B, also can react with polymer chains via metalation, short

circuiting the chain alumination process and leading to the observed molecular

aliphatic hydrocarbon products.

Surface zirconium hydride species, formed by ligand exchange or hydride transfer

reactions of alkyl zirconium and hydridoaluminum or isobutylaluminum, respec-

tively, also likely are involved in polymer metalation of step 1. Several observations

support the idea that aluminum reagents generate zirconium hydrides. First, hydri-

doaluminum species are formed from AliBu3 at high temperatures.56 Second, the re-

action of Zr(CH2CMe3)2@SiAlOx and AliBu3 at 150�C for 4 h provided a material that

contained a band in a diffuse reflectance infrared Fourier transform (DRIFT) spectrum

at 1,623 cm–1 assigned to a nZr–H (Figure 3) on the basis of labeling experiments and

comparison to literature reports.46,74 In particular, this signal disappeared upon

treatment with D2 (the signal for presumed nZr–D is not resolved from Si/Al–O bands)

and reappeared upon exposure to H2 (Figure 3). The DRIFT spectrum of SiAlOx

treated with AliBu3, in contrast, was unchanged by reaction with D2. Third, during

the catalytic HDPE deconstruction and alumination reactions involving AliBu3,

isobutylene was the most abundant species in the gas phase (along with a small,

but detectable amount of isobutane), which was also consistent with the generation
1356 Chem 7, 1347–1362, May 13, 2021
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washed with anhydrous pentane and dried in vacuo.
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(C) H2 gas (1 atm) passed over sample (B) at 70�C for 30 min. Compare with DRIFT spectrum of

Zr(CH2CMe3)2@SiAlOx in Figure S90.
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of hydridozirconium species. The reaction of Zr(CH2CMe3)2@SiAlOx and AliBu3 at

room temperature also produced isobutylene (Figure S92), although the nZr–H

band in the DRIFT spectrum was very weak under that condition. Finally, hydride-

generating aluminum reagents (AlH3 and AliBu3) provided higher yields of oils

than reactions with alkyl (AlEt3) or aryl (AlPh3) transfer reagents, which may reflect

increased rates of methylene C–H bond activation by hydridozirconium compared

with alkyl or arylzirconium.

Midchain polymerylzirconium species B are cleaved via b-alkyl elimination, leading

to polymer deconstruction into a shorter terminal oligomerylzirconium C and vi-

nyl-terminated chain fragments in step 2. The oligomerylzirconium reacts with

AlR3 via heterobimetallic alkyl group exchange or hydride transfer to produce the

oligomerylaluminum product and regenerate the alkyl- or hydridozirconium catalyst

in step 3. Catalytic hydroalumination or carboalumination of the vinyl-termination

polymer fragment, via insertion into alkyl- or hydridozirconium and chain transfer, af-

fords b-branched (R2Al-CH2CHR–) or linear (R2Al-CH2CH2-) aluminum terminated

chains in step 4. These species were detected in the products of AlEt3 and AlPh3
and analyzed by 1D and 2D NMR spectroscopy. Thus, all functional groups termi-

nate the chains as a consequence of the b-alkyl and chain-transfer mechanistic

sequence.

We have ruled out at least one other sequence of elementary steps that could ac-

count for the observed fatty alkylaluminum products. Specifically, terminal polymer-

ylzirconium species could also react by b-alkyl elimination to generate ethylene (Fig-

ure S93). This thermodynamically unfavorable step, the microscopic reverse of

ethylene insertion during polymerization, could be coupled to an exothermic,

catalytic ethylene oligomerization process that provides the medium-length

chains of the alkyl aluminum or alkane products. Independent oligomerization or
Chem 7, 1347–1362, May 13, 2021 1357
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polymerization experiments involving small amounts of ethylene, Zr(CH2CMe3)3@-

SiAlOx, and AliBu3 did not give fatty-alcohol-range molecular weight species.

Thus, we ruled out a pathway to oils involving HDPE depolymerization to ethylene

followed by Ziegler Aufbau-type oligomerization, although the individual elemen-

tary steps, namely ethylene formation and reinsertion, were not ruled out by this

experiment.

Related side reactions, such as alkene insertion, are likely also a small part of the cat-

alytic mechanism. In addition, the oligomerylzirconium intermediates C can react

with small molecules, such as H2 or benzene, through s-bond metathesis steps to

form hydrocarbons.75 Accordingly, high alkane content was observed with the cat-

alytic systems Zr(CH2CMe3)2@SiAlOx/AlPh3 (ca. 55%) and Zr(OCH2CMe3)2@SiA-

lOx/AliBu3 (ca. 50%). This influence of small molecules was further examined by

removing the volatile species, in reactions of HDPE and AlH3 in the presence of

Zr(OCH2CMe3)2@SiAlOx under continual evacuation (Table 1, entry 15). Under these

conditions, a high single-pass yield (60%) was obtained, even though themass of the

reaction mixture decreased by 21%.MALDI-TOF-MS analysis of the oil formed under

these conditions revealed that increased amounts of lower-molecular-weight alco-

hols, from C20H41OH to C38H77OH, were formed under vacuum than in a sealed

vessel. This oil contained comparable fraction of alcohol molecules (�67%) as the

experiment under N2. Clearly, the removal of small molecules from the reaction

mixture slows undesired bimolecular processes relative to unimolecular chain cleav-

age by b-alkyl elimination. However, the relative rate of alkylaluminum formation

compared with alkane production is not affected by performing the reaction under

a dynamic vacuum, probably because the effective concentrations of AlR3 and CH

bonds, leading to the two kinds of products, are not significantly altered by

removing volatile species.

In conclusion, the combination of b-alkyl elimination and heterobimetallic alkyl

group metathetical exchange at surface-immobilized organozirconium sites pro-

vides a valuable method to install reactive groups and reconstruct the carbon skel-

eton of organic molecules, without the need for prior activation or directing groups.

The alkylaluminum reagent can activate air-stable alkoxyzirconium species to

generate highly air-sensitive hydridozirconium active sites, which are also innocu-

lated by the alkylaluminums against poisoning. We are currently investigating the

performance of commercially available, air-stable catalyst precursors to further

simplify manipulations as well as sites containing robust ancillary ligands to affect

the rates of b-alkyl elimination and chain-transfer steps. The relative rates of these

steps affect the average carbon-chain lengths of the products, advantageously al-

lowing catalyst-controlled mechanisms to be optimized to obtain desired products.

Both AliBu3 and AlH3 react with alkyl and alkoxyzirconium species to generate sur-

face zirconium hydrides. Moreover, both the catalysts and reactants are based

upon earth-abundant, readily available, and nontoxic metal centers. In this regard,

we have also shown that these catalytic reactions, as applied to polyolefins, are

viable to compete with conventional syntheses of fatty alcohols. The current catalytic

materials deconstruct polyolefins through a process that favors the cleavage of long

chains.27,29 In this scenario, the cleavage of longer chains has a more dramatic effect

on the observed average molecular weight of the products than the cleavage of

shorter chains. Thus, on-going efforts involve catalytic architectures, such as those

that operate via processive mechanisms,28 which lead to narrow distributions of

fatty- aluminum products. This process could motivate recovery of discarded poly-

olefins from the environment, produce value-added chemical products, and offer

an environmentally friendly end-of-life for materials currently destined for landfills.
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EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Aaron Sadow (sadow@iastate.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The raw NMR and IR spectra, generated during this study and shown in the supple-

mental information, are available at Datashare, an open-access repository at Iowa

State University at https://doi.org/10.25380/iastate.13626731.

Representative procedure for catalytic alumination of polyolefins

Caution: Small organoaluminum compounds AlMe3, AlEt3, AliBu3, AlPh3 are py-

rophoric and must be handled under air-free conditions. The fatty alkylaluminum

products should be carefully quenched with air after full conversion of organoa-

luminum reagents. The HDPE reactant (1.00 g; Mn = 6.2 kDa, Mw = 38.6 kDa,

Ð = 6.2), Zr(CH2CMe3)3@SiAlOx (0.13 g, 0.039 mmol Zr; see supplemental exper-

imental procedures for synthesis and characterization), and AliBu3 (100 mL,

0.40 mmol) were loaded into a glass tube equipped with a glass-encapsulated

magnetic stir bar. The tube was sealed by a stainless steel UltraTorr fitting to

a closed glass tube with a sidearm containing a re-sealable Teflon-glass valve.

The vessel was heated in an aluminum block at 200�C for 12 h. The volatile com-

ponents of the headspace were sampled and analyzed by GC-MS, which re-

vealed isobutylene to be the primary species. At the end of 12 h, the contents

of the tube were quenched by passing dry air into the vessel for 1 h through the

sidearm. The crude reaction mixture was extracted with CH2Cl2 (3 3 5 mL), and

the volatile components were evaporated from the liquid to provide an oil

(0.40 g, 40% based on starting HDPE mass) which was further analyzed by

spectroscopic and analytical techniques (NMR, IR, GC-MS, MALDI-TOF-MS).

MALDI-TOF-MS revealed a C34-centered distribution of fatty alcohols, which

was corroborated by similar distributions obtained from CO2, I2, and MeOH

quenched experiments. The residual solid was dissolved in hot 1,2-dichloroben-

zene and filtered to remove the catalyst. A solid precipitates from the filtrate

upon cooling. The supernatant liquid was decanted, and the solid polymer was

washed with CH2Cl2 (3 3 5 mL), dried under vacuum, and analyzed by IR

spectroscopy.

Summary of process design

A technoeconomic analysis was conducted for a conceptual plant that processes

250 MT/day of PE. The conceptual plant, at 90% utilization, produces 70,847 kg

fatty alcohol sulfate per day, co-produces 27,295 kg C40 lubricant product per

day, 14,222 kg AlCl3 salt per day, and 117,833 kg asphalt per day. The co-pro-

duced light hydrocarbons are combusted to generate electricity and steam for

onsite use, and the surplus electricity of 122,777 kWh/day is exported for sale.

By using market prices for feedstocks, reagents, catalysts, and other material input

and co-products, the minimum market selling prices for C40 fatty alcohol sulfate is

$3.41/kg. Given the high market value of fatty alcohols in the range of $20–60/kg

(the market price of C40 fatty alcohol sulfate is not available but is expected to have

much higher values than that of fatty alcohol precursors), the process is likely to be

highly profitable.
Chem 7, 1347–1362, May 13, 2021 1359

mailto:sadow@iastate.edu
https://doi.org/10.25380/iastate.13626731


ll
OPEN ACCESS Article
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.chempr.

2021.03.007.
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Supplemental Methods 

Materials  

General. All manipulations were carried out under inert conditions, either using Schlenk techniques or in 
a glovebox under a purified nitrogen atmosphere, unless stated otherwise. Dry and degassed solvents 
were used throughout. Pentane was sparged with nitrogen, passed through activated alumina columns, 
and stored under nitrogen. Benzene-d6 was degassed via three consecutive freeze-pump-thaw cycles, 
dried over Na/K alloy, vacuum transferred, and stored over molecular sieves under nitrogen. 
Tetrakisneopentyl zirconium,2 dimethylaluminum hydride,3 triphenylaluminum,4 and alane5 were 
synthesized according to literature procedures. Trimethylaluminum, triethylaluminum, 
triisobutylaluminum, diisobutylaluminum hydride, high density polyethylene (HDPE, Mn = 6.2 kDa, Mw = 
38.6 kDa, Đ = 6.2), isotactic polypropylene (iPP, Mn = 37.4.2 kDa, Mw = 117.6 kDa, Đ = 3.2), and 
Al(NO3)3·9H2O (98%) were purchased from Sigma-Aldrich and used as received. Na2SiO3·9H2O (98%), 
NH4NO3, and concentrated HCl were purchased from Fisher Scientific, and used as received. Fumed silica 
(Aerosil) of surface area 300 m2/g was purchased from Evonik, calcined and partially dehydroxylated at 
550° C for 12 h. Titration of the surface silanols in this material with Mg(CH2Ph)2(O2C4H8)2 revealed a surface 
OH loading of 0.46 ± 0.05 mmol/g. 

Preparation of Silica-Alumina (SiAlOx). Silica-alumina was synthesized by modification of a literature 
procedure.6 In brief, sodium metasilicate nonahydrate (Na2SiO3·9H2O, 22.26 g, 76.8 mmol) was dissolved 
in H2O (200 mL). Separately, Al(NO3)3·9H2O (9.80 g, 25.6 mmol) was dissolved in H2O (27 mL) giving a 0.95 
M Al(NO3)3 solution. This Al(NO3)3 solution was then added to the Na2SiO3 solution in a dropwise fashion, 
and the mixture was stirred at 500 rpm for 5 min. The pH of the solution was adjusted to ca. 8 with HCl 
(0.1 M). The mixture was then stirred at 500 rpm for an additional 20 min. and spun in a centrifuge to 
obtain a white precipitate. The solid was sequentially washed with H2O (2 × 35 mL), NH4NO3 (1.0 M, 2 × 
40 mL) and H2O (2 × 35 mL). The material was dried in an oven at 75 °C overnight and then calcined at 
550 °C for 10 h to obtain ca. 12.5 g of white SiAlOx powder. ICP-OES analysis indicates that this material 
is 9.3±0.4 wt % Al. The BET surface area measured by N2 sorption isotherms was 182 m2/g (Figure S18). 
This material was partially dehydroxylated by heating at 700 °C under vacuum for 12 h, and then stored 
in the glovebox under N2. Titration of the reactive surface hydroxyls (silanols) with Mg(CH2Ph)2(O2C4H8) 
revealed a surface OH loading of 0.39 ± 0.05 mmol/g.  

Preparation of Zr(CH2CMe3)2@SiAlOx. This material was synthesized by a procedure adapted from 
reference.7 In the glovebox, 0.30 g of Zr(CH2CMe3)4 (0.8 mmol) was dissolved in anhydrous pentane (7 mL). 
This solution was added to a suspension of silica-alumina (1.00 g) in pentane (7 mL), and the resulting 
suspension was stirred at room temperature for 4 h. The suspension was allowed to settle, and the 
supernatant liquid was decanted. The residual solid was washed with pentane (3 × 5 mL) and dried 
overnight in vacuo to afford an off-white powder (0.92 g). This material contains 2.2 ± 0.2 CH2CMe3 groups 
per Zr center, as determined by titration of Zr(CH2CMe3)2@SiAlOx with CH3OH and ICP-OES (2.7 wt % Zr, 
0.30 mmol Zr/g). Solid-state 13C NMR spectra and infrared spectra match reported literature values (13). 
13C NMR (CP-MAS, 400 MHz): d 94.78 (CH2CMe3), 32.88 (CH2CMe3). IR (DRIFTs, cm–1): 2959, 2907, 2872, 
1478, 1398, 1366, 1205, 843. Elemental analysis for Zr(CH2CMe3)2@SiAlOx: C, 3.30; H, 0.24; Zr, 2.70.  

Preparation of Zr(CH2CMe3)2@SiO2. This material was synthesized by a procedure adapted from reference 
(20) and is compared to the reported material in references 8 and 9. In the glovebox, 0.30 g of 
Zr(CH2CMe3)4 (0.8 mmol) was dissolved in anhydrous pentane (7 mL). This solution was added to a 
suspension of Aerosil (1.00 g) in pentane (7 mL), and the resulting mixture was stirred at room temperature 
for 4 h. The suspension was allowed to settle, and the supernatant liquid was decanted. The residual solid 
was washed with pentane (3 × 5 mL) and dried overnight in vacuo to afford an off-white powder (0.98 g). 



 
 

 
 

 

This material contained 2.1 ± 0.2 CH2CMe3 groups per Zr center, as revealed by titration of 
Zr(CH2CMe3)2@SiO2 with CH3OH and ICP-OES (3.51 wt % Zr, 0.38 mmol Zr/g). IR (DRIFTs, cm–1): 2957, 
2866, 1468, 1363, 1214, 1185, 1173, 1145, 823. Elemental analysis for Zr(CH2CMe3)2@SiO2: C, 2.32; H, 
0.39; Zr, 3.51. 

Materials Characterization  

General. DRIFT spectra were collected using a Harrick Praying Mantis accessory and a sealed, ambient-
pressure sample chamber consisting of a dome with ZnSe windows. Elemental analysis was performed 
using a Perkin-Elmer 2400 Series II CHN/S at the Iowa State Chemical Instrumentation Facility. Inductively 
Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) was performed to measure the amount of 
zirconium present in the catalytic materials. The samples (2.0 – 4.0 mg each) were digested for 24 h in 
aqueous HF and aqua-regia (0.18% and 5% respectively) and analyzed in a Perkin Elmer Optima 2100 DV 
Inductively Coupled Plasma-Optical Emission Spectroscope. The nitrogen adsorption/desorption 
isotherms were measured in a Micromeritics Tristar surface area and porosity analyzer, and surface area 
was calculated by the Brunauer−Emmett−Teller (BET) method. 

Solid-State NMR. All solid-state NMR experiments utilized a Bruker AVANCE III 400 MHz NMR 
spectrometer. 17O{27Al} transfer of populations double-resonance (TRAPDOR) experiments were 
performed using a triple-resonance 3.2-mm low-temperature-magic-angle-spinning (MAS) probe at a 
temperature of 100 K. Prior to the experiment, the sample was impregnated with a 16 mM solution of the 
TEKPol biradical10 in a deuterated 1,1,2,2-tetrachloroethane solution and the magnetic field of the NMR 
magnet was decreased by 500 ppm from its usual position associated with the 1H cross-effect maximum 
when using nitroxides. This enabled for the irradiation of the positive 17O cross-effect maximum and the 
enhancement of the 17O NMR signal via dynamic nuclear polarization (DNP). A c.a. 264 GHz gyrotron 
microwave source was used for the DNP experiments. In addition to DNP a hyperbolic secant pulse11  was 
also applied 300 kHz away from the central transition to enhance it via population transfer from the satellite 
transitions. This pulse lasted 10 ms and swept over a 12.5 kHz range, corresponding to the MAS frequency 
used. The TRAPDOR spectra were each an accumulation of 8192 scans using a recycle delay of 3.1 s. The 
echo delay was set to 3.2 ms and 100 kHz 27Al rf was applied during the first such delay to acquire the 
dephased (S) spectrum. All 17O pulses utilized a 25 kHz effective central transition-selective rf field. An 
analogous spectrum was acquired in the absence of this pulse as a reference (S0). 

Catalytic Alumination of Polyolefins 

General Procedure. In the glovebox, the polyolefin reactant, supported catalyst, and aluminum reagent 
were loaded into a glass tube equipped with a glass-encapsulated magnetic stirrer. The tube was sealed 
with a stainless steel UltraTorr fitting to a closed glass tube with a sidearm containing a re-sealable Teflon-
glass valve. The vessel was heated in an aluminum block at the desired temperature (≥ 150 °C to ensure 
the polymer was above its melting point) for the required reaction time with mixing. The volatile 
components of the headspace were sampled and analyzed by GC-MS. After the appropriate time, the 
contents of the tube were quenched by passing dry air into the vessel through the sidearm for 1 h. The 
crude reaction mixture was extracted with CH2Cl2 (3 × 5 mL), and the volatile components were evaporated 
from the liquid to provide an oil which was further analyzed by spectroscopic and analytical techniques 
(NMR, IR, GC-MS, MALDI-TOF-MS). Yields of oils are given as a percentage of the starting polyolefin mass. 
The residual solid was dissolved in hot 1,2-dichlorobenzene and filtered to remove the catalyst. A solid 
crashes out from the filtrate upon cooling. The supernatant liquid was decanted, and the solid polymer 
was washed with CH2Cl2 (3 × 5 mL), dried in vacuo, and analyzed by IR spectroscopy. 

Results and Analysis of Catalytic Reactions in Table 1. 



 
 

 
 

 

1. HDPE + Zr(CH2CMe3)2@SiAlOx + AliBu3 (150 °C). HDPE (0.63 g), Zr(CH2CMe3)3@SiAlOx (0.10 g, 0.030 
mmol Zr) and AliBu3 (60 µL, 0.24 mmol) were allowed to react at 150 °C for 12 h to provide an oil (0.19 g, 
31%) which was characterized by NMR, IR, and MALDI as described in the main text and residual HDPE 
(0.44 g). MALDI-TOF-MS revealed a bimodal distribution, with maxima at C39H79OH and C54H109OH. 

2. HDPE + Zr(CH2CMe3)2@SiAlOx + AliBu3 (200 °C). HDPE (1.00 g), Zr(CH2CMe3)3@SiAlOx (0.13 g, 0.039 
mmol Zr) and AliBu3 (100 µL, 0.40 mmol) were allowed to react at 200 °C for 12 h to provide an oil (0.40 
g, 40%) and residual HDPE (0.50 g). Experiments with doubled initial catalyst and AliBu3 loading with 
respect to polyethylene (10.5 g HDPE/mmol Zr) also gave the oil in 40% yield after 12 h at 200 °C. 
However, two portions of Zr(CH2CMe3)3@SiAlOx and AliBu3, added initially and after 12 h gave 72% total 
yield of oil (C32 ~ C44 alcohol distribution). 

3. HDPE + Zr(CH2CMe3)2@SiAlOx + AliBu3 (Zr catalyst/AliBu3 added in 3 portions). HDPE (1.00 g), 
Zr(CH2CMe3)3@SiAlOx (0.11 g, 0.033 mmol Zr) and AliBu3 (120 µL, 0.48 mmol) were allowed to react at 200 
°C for 12 h. The reaction tube was cooled to room temperature and additional (same as before) portions 
of Zr(CH2CMe3)2@SiAlOx and AliBu3 were added. The mixture was heated at 200 °C for 12 h. This procedure 
was repeated once more (after a total of 36 h) to provide an oil (0.84 g, 84%), and no visible polyethylene 
was remaining. 

4. HDPE + Zr(CH2CMe3)2@SiAlOx + AliBu3 (quenched with MeOH). HDPE (1.00 g), Zr(CH2CMe3)2@SiAlOx 
(0.11 g, 0.033 mmol Zr) and AliBu3 (100 µL, 0.40 mmol) were allowed to react at 200 °C for 12 h. The 
reaction tube was cooled to room temperature, and degassed MeOH (3 mL) was added. After 30 min, the 
solvent was removed under reduced pressure and the residue was extracted with CH2Cl2 (3 × 5 mL) to 
provide an oil (0.38 g, 38%) and residual HDPE (0.64 g). 

5. HDPE + Zr(CH2CMe3)2@SiAlOx + AliBu3 (quenched with I2). HDPE (0.54 g), Zr(CH2CMe3)2@SiAlOx (0.06 
g, 0.019 mmol Zr) and AliBu3 (50 µL, 0.20 mmol) were allowed to react at 200 °C for 12 h. The reaction 
tube was cooled to room temperature and I2 (0.06 g, 0.23 mmol) in anhydrous and degassed CH2Cl2 (5 
mL) was added. After 30 min, the solvent was removed under reduced pressure, and the residue was 
extracted with CH2Cl2 (3 × 5 mL) to provide an oil (0.23 g, 43%) and residual HDPE (0.32 g). Cross-peaks 
in the 1H-13C phase sensitive HSQC spectrum of the oil (Figure S24) corresponding to proton signals at 3.1 
ppm and shielded carbon signals at 10 ppm indicated the presence of -CH2-I groups in the product. 

6. HDPE + Zr(CH2CMe3)2@SiAlOx + AliBu3 (quenched with CO2). HDPE (0.55 g), Zr(CH2CMe3)2@SiAlOx (0.06 
g, 0.019 mmol Zr) and AliBu3 (50 µL, 0.20 mmol) were allowed to react at 200 °C for 12 h. The reaction 
tube was cooled to room temperature and evacuated. Dry CO2 was introduced into the vessel, which was 
then heated to 60 °C. After 4 h, the reaction mixture was exposed to air, and the residue was extracted 
with CH2Cl2 (3 × 5 mL) to provide an oil (0.20 g, 36%) and residual HDPE (0.36 g). Cross-peaks in the 1H-
13C HMBC spectrum of the oil (Figure S30) corresponding to carbon signals in the range of 170-180 ppm 
confirmed the presence of -COOH groups in the product. 

7. HDPE + Zr(CH2CMe3)2@SiAlOx + AlEt3 (150 °C). HDPE (0.51 g), Zr(CH2CMe3)2@SiAlOx (0.10 g, 0.03 mmol 
Zr) and AlEt3 (50 µL, 0.36 mmol) were allowed to react at 150 °C for 12 h to provide an oil (0.13 g, 25%) 
and residual HDPE (0.41 g). 

8. HDPE + Zr(CH2CMe3)2@SiAlOx + AlEt3 (200 °C). HDPE (0.60 g), Zr(CH2CMe3)2@SiAlOx (0.10 g, 0.03 mmol 
Zr) and AlEt3 (50 µL, 0.36 mmol) were allowed to react at 200 °C for 12 h to provide an oil (0.15 g, 24%) 
and residual HDPE (0.45 g). 



 
 

 
 

 

9. HDPE + Zr(CH2CMe3)2@SiAlOx + AlPh3. HDPE (0.64 g), Zr(CH2CMe3)2@SiAlOx (0.07 g, 0.021 mmol Zr) 
and AlPh3 (66 mg, 0.26 mmol) were allowed to react at 200 °C for 12 h to provide an oil (0.19 g, 29%) and 
residual HDPE (0.49 g).  

10. HDPE + Zr(CH2CMe3)2@SiAlOx + AlH3. HDPE (0.52 g), Zr(CH2CMe3)2@SiAlOx (0.10 g, 0.03 mmol Zr) and 
AlH3 (28 mg, 0.93 mmol) were allowed to react at 200 °C for 12 h to provide an oil (0.22 g, 42%) and 
residual HDPE (0.28 g). 

11. HDPE Grocery Bag + Zr(CH2CMe3)2@SiAlOx + AliBu3. HDPE from a plastic grocery bag (0.60 g), 
Zr(CH2CMe3)2@SiAlOx (0.10 g, 0.03 mmol Zr) and AliBu3 (100 µL, 0.40 mmol) were allowed to react at 200 
°C for 12 h to provide an oil (0.19 g, 31%) and a residual polymeric solid (0.41 g). 

12. iPP + Zr(CH2CMe3)2@SiAlOx + AliBu3. Isotactic polypropylene (1.00 g), Zr(CH2CMe3)2@SiAlOx (0.14 g, 
0.042 mmol Zr) and AliBu3 (120 µL, 0.48 mmol) were allowed to react at 200 °C for 12 h to provide an oil 
(0.27 g, 27%) and a residual polymeric solid (0.74 g). 

13. HDPE + Zr(OCH2CMe3)2@SiAlOx + AliBu3. Zr(CH2CMe3)2@SiAlOx (0.07 g, 0.021 mmol Zr) was exposed 
to dry air for 10 min at room temperature to provide Zr(OCH2CMe3)2@SiAlOx. HDPE (0.60 g), 
Zr(OCH2CMe3)2@SiAlOx, and AliBu3 (100 µL, 0.40 mmol) were allowed to react at 200 °C for 12 h to provide 
an oil (0.21 g, 34%) and a residual polymeric solid (0.42 g). 

14. HDPE + Zr(OCH2CMe3)2@SiAlOx + AlH3. Zr(CH2CMe3)2@SiAlOx (0.05 g, 0.015 mmol Zr) was exposed 
to dry air for 10 min at room temperature to provide Zr(OCH2CMe3)2@SiAlOx. HDPE (0.35 g), 
Zr(OCH2CMe3)2@SiAlOx and AlH3 (28 mg, 0.93 mmol) were allowed to react at 200 °C for 12 h to provide 
an oil (0.17 g, 49%) and a residual polymeric solid (0.18 g). 

15. HDPE + Zr(OCH2CMe3)2@SiAlOx + AlH3 (under dynamic vacuum). Zr(CH2CMe3)3@SiAlOx (0.12 g, 0.036 
mmol Zr) was exposed to dry air for 10 min at room temperature to provide Zr(OCH2CMe3)2@SiAlOx. HDPE 
(0.85 g), Zr(OCH2CMe3)2@SiAlOx, and AlH3 (29 mg, 0.97 mmol) were allowed to react at 200 °C under 
dynamic vacuum for 12 h to provide an oil (0.51 g, 60%) and residual HDPE (0.30 g). 

16. HDPE + Zr(CH2CMe3)2@SiO2 + AliBu3. HDPE (1.00 g), Zr(CH2CMe3)2@SiO2 (0.11 g, 0.042 mmol Zr) and 
AliBu3 (100 µL, 0.40 mmol) were allowed to react at 200 °C for 12 h to provide an oil (0.35 g, 35%) and a 
residual polymeric solid (0.54 g). Catalytic materials employing SiO2 as the support generated small 
amounts of alkylsilanes at 200 °C, such as iBu2SiH2, Et2SiH2 and Et3SiH, as side products during catalysis, 
whereas such species were not detected in catalytic reactions of Zr(CH2CMe3)2@SiAlOx. 

17. HDPE + Zr(CH2CMe3)2@SiO2 + AlEt3. HDPE (0.41 g), Zr(CH2CMe3)2@SiO2 (0.05 g, 0.019 mmol Zr) and 
AlEt3 (50 µL, 0.36 mmol) were allowed to react at 200 °C for 12 h to provide an oil (0.13 g, 33%) and a 
residual solid (0.29 g).  

 

Characterization Methods for Fatty Alcohol, Acid, and Halide Products 

General. 1D 1H and 13C{1H}, and 2D 1H-1H COSY, TOCSY and 1H-13C HSQC NMR spectra were acquired 
on a Brucker NEO 400 MHz spectrometer. Fourier transform infrared (FT-IR) spectra and diffuse reflectance 
infrared Fourier transform (DRIFT) spectra were recorded on a Bruker VERTEX 80 IR spectrometer. Samples 
for transmission IR were diluted with KBr and made into a pellet using a hydraulic press.  

MALDI-TOF Mass Spectrometry. MALDI-TOF-MS experiments were carried out on a Shimadzu AXIMA 
Confidence MALDI-TOF mass spectrometer, equipped with an N2 laser (337 nm, 25 Hz repetition rate). 
The mass spectra were acquired in the linear and positive ion mode. 100 laser pulses were utilized for each 
measurement.  



 
 

 
 

 

Stock solutions of products were prepared in tetrahydrofuran at a 0.5 mg/mL concentration, and a stock 
solution of silver nitrate was prepared in a 1:1 (v:v) mixture of tetrahydrofuran and acetonitrile at a 
concentration of 10 mg/mL. Final sample solutions for spotting were prepared by mixing equal volumes 
(0.2 mL) of stock solutions of alkanes and silver nitrate. The matrix (2,5-dihydroxybenzoic acid (DHB)) 
solution was prepared in a 3:2 (v:v) mixture of tetrahydrofuran and methanol at a 10 mg/mL concentration. 
The dried-droplet method of sample deposition was employed, where 0.5 µL of the sample solution was 
deposited on the stainless-steel sample plate, followed by 0.5 µL of the matrix solution. The solvents were 
allowed to evaporate by air-drying. 

DRIFT IR Experiments on Putative ZrH Surface Species 

Generation of ZrH@SiAlOx and H/D exchange experiments. Zr(CH2CMe3)2@SiAlOx (0.4 g, 0.12 mmol Zr) 
and excess AliBu3 (0.5 mL, 1.98 mmol) were added in a glass tube in the glovebox, which was sealed with 
an UltraTorr fitting to a closed glass tube adapted with a sidearm containing a re-sealable Teflon-glass 
valve. The sealed vessel was transferred from the glovebox and attached to a Schlenk line. The reactor 
inserted into an aluminum block and heated at 150 °C for 2 h. The reactor was then cooled to room 
temperature, evacuated, taken back into the glovebox, washed with anhydrous pentane (3 × 2 mL) and 
dried in vacuo to provide a brown powder, which was sampled and analyzed by DRIFT IR spectroscopy 
(Figure 3a). The reactor was reattached to a Schlenk line and evacuated, D2 gas was introduced at 
atmospheric pressure, and the reactor was sealed. The tube was heated at 70 °C for 30 min, allowed to 
cool, taken into the glovebox, and a sample was analyzed by DRIFT IR spectroscopy (Figure 3b). 
Subsequently, this material was sealed under an atmosphere of H2, heated at 70 °C for 30 min and 
analyzed by DRIFT IR spectroscopy (Figure 3c).  

The spectrum in Figure 3a contained a broad and prominent peak at 1622 cm–1, attributed to a Zr–H 
stretching mode (nZrH) based on related assignments in literature reports. This signal disappeared upon 
treatment of the material with D2, indicating that the original band at 1622 cm–1 was indeed from a hydride 
species. Alternatively, the signal at 1622 cm–1 is reduced by exposure of the material to ambient 
atmosphere. To rule out adventitious air or moisture in the deuterium exchange experiment, the 
isotopically labeled material was treated with H2 to regenerate the hydride signal at 1622 cm–1 and confirm 
the presence of an active hydride species in the material. Because SiAlOx and AliBu3 are not catalytically 
competent for C–C cleavage of HDPE in the absence of surface-supported Zr species, we assign the IR 
signal at 1622 cm–1 to a catalytically active Zr-H surface species generated from the reaction of zirconium 
neopentyl and triisobutylaluminum. We cannot, however, rule out the presence of a bridged bimetallic 
species containing Zr–H–Al structures, which could also mediate metalation of polyethylene and b-alkyl 
elimination because the IR bands of this and Zr–H species overlap.12 

In a second experiment, Zr(CH2CMe3)2@SiAlOx and 3 equiv. of AliBu3 were allowed to react at room 
temperature in benzene-d6, and the soluble portion of the reaction mixture was analyzed by 1H NMR 
spectroscopy (Figure S92). The analysis reveals neopentyl aluminum, isobutylene, neopentane, and 
isobutane are formed. Neopentyl aluminum species indicate alkyl transfer from neopentyl zirconium to 
aluminum, either via alkyl group exchange or by alkyl/b-hydride exchange. The former would produce 
isobutylzirconium species, which could undergo b-hydrogen elimination to form hydridozirconium surface 
sites and isobutylene, while the latter pathway would produce hydridozirconium surface sites and 
isobutylene directly. 

Process Design and Technoeconomic Analysis 

Model Description. To examine the potential process economics for the technology development of 
plastic conversion to fatty alcohols, a technoeconomic analysis (TEA) based on a conceptual plant with a 



 
 

 
 

 

polymer (HDPE) processing capacity of about 250 MT/day (or output of 70,847 kg/day fatty alcohol sulfate, 
as a surfactant product) operating at 90% utilization, was conducted using an Aspen Plus model (Figure 
S94). In the conceptual plant, the HDPE feedstock is fed to a slurry reactor to react with triisobutyl 
aluminum, with the aid of silica-alumina supported Zr catalyst. The overall polymer conversion reaction is 
shown below as equation 1.  

  

 

HDPE reacts with triisobutyl aluminum to form Al(OH)3, fatty alcohols (centered at C40, with range of C28-
C55), long chain paraffins (centered at C40, with range of C20-C45), C5-C6 linear paraffins, C4 olefins, and some 
heavy gummy residuals (represented by C3961H7632) under relative mild condition of 200 °C and 1.2 bar 
(followed by air quenching in Cooler 1 in Figure S94). The fatty alcohols are expected to be high quality 
feedstock for surfactant production,13 long chain paraffins are expected to present high quality lubricant.14 
The light hydrocarbons can be sold as diluent. In the present study, the light carbons are combusted to 
self-sustain the system. The heavy residual can be sold as asphalt or combusted for energy supply. Both 
scenarios are feasible, and the present study chose the scenario to combust light hydrocarbons and sell 
asphalt, as an example, given the absence of asphalt heating values. 

As the light hydrocarbons (C4-C6) flows to Boiler for combustion to provide electricity and steam for plant 
usage, the slurry stream (a liquid solid mixture containing all the products and catalyst) is separated in the 
Solid filter at 120 °C (Figure S94). The long chain paraffins and fatty alcohols are in liquid state and are 
separated from the solid mixture via filtration. The separation of long chain paraffins and fatty alcohols is 
rather complex, requiring a series of solvent extraction and distillation processes, as the fatty alcohol is 
not soluble in water given its the long paraffinic chain feature dominates its property. By considering the 
feedstock value of fatty alcohol for surfactant production, we determine that relative to the complex and 
thus costly separation of fatty alcohol and long chain paraffins, it would be more economical to extend the 
facility boundary to include surfactant production process that not only produces more valuable final 
products but also separates long chain paraffins, using the reaction shown below as equation 2.  

 

  

 

SO3 is fed into Reactor 1 at elevated temperature (45 °C) and pressure (27.4 bar) to react with the fatty 
alcohol while long chain paraffins are unreactive. The resulting alcohol sulfate C40H81OSO3H and long chain 
paraffin will flow to Reactor 2, where aqueous NaOH is introduced to convert C40H81OSO3H to sodium 
fatty alcohol sulfate C40H81OSO3Na, which dissolves in aqueous phase. By using a separator, the aqueous 
C40H81OSO3Na is separated, dried and sold as a final product. Meanwhile, the long chain paraffins in the 
oil phase can be further distilled to remove light compounds and sold as a lubricant product. The light 
compounds are diverted to Boiler for combustion for energy supply.  

The solid phase from the solid filter includes asphalt, Al(OH)3, and solid ZrX/SiAlOx catalyst. Asphalt can 
be separated from the rest at elevated temperature by transforming to liquid phase, filtered by liquid-solid 
filtration, then sold as a final asphalt product after proper cooling. Meanwhile, Al(OH)3 and solid ZrX/SiAlOx 

C2746H5494  + 18.26 AlC12H27

+ 27.39 O2  + 18.23 H2O
⎯ →⎯

18.23 C40H81OH + 8.21 C40H82  + 54.78 C4H8 

+ 32.315 C5H12  + 0.132 C5H10  + 13.4 C6H14

 + 18.26 Al(OH)3 + 0.365 C3961H7632

  (1)

C40H81OH + SO3 ⎯ →⎯  C40H81OSO3H NaOH⎯ →⎯⎯ C40H81OSO3Na + H2O  (2)



 
 

 
 

 

catalyst could be separated via reacting with aqueous HCl in Reactor 3. The solid Al(OH)3 will react with 
HCl to form AlCl3 (equation 3) that dissolves in aqueous phase while ZrX/SiAlOx is unreacted. By using the 
solid liquid filter, the ZrX/SiAlOx catalyst can be recovered and recycled to the Slurry reactor for reuse, and 
the aqueous AlCl3 is dried and sold as a final product.  

  

 

A waste-water treatment plant is not included in the design, as we assume the relatively small plant will 
discharge to municipal waste water treatment plant for treatment. 

The product has a minimum C40 fatty alcohol sulfate market selling price, or breakeven price of $3.41/kg. 
Currently, the market price of C40 sodium fatty alcohol sulfate is not available, thus the price of C12 fatty 
alcohol sulfate (sodium lauryl sulfate) is used as an approximate estimate. C12 fatty alcohol sulfate has a 
price range of $1-3/kg, based on various purities. For the present study, the resulting C40 fatty alcohol 
sulfate is expected to have much higher market price than the sodium lauryl sulfate, making the process 
profitable.  Examples of retail prices for long carbon chain fatty alcohols are listed in Table S4. 
  

Al(OH)3 + 3 HCl ⎯ →⎯ AlCl3 + 3 H2O   (3)



 
 

 
 

 

Table S1. Flow rate and cost of materials input, energy inputs and products.  
 

Material 
consumptions 

Flow rate 
(kg/hr) 

Production 
(kg/day) 

Price 
($/kg) 

References 

HDPE 10416.67  250,000  0.274 https://resource-
recycling.com/plastics/2019/07/17/modest-changes-in-
scrap-plastics-pricing/ 

H2O 8613.45  206,723  Footnote 
a 

 

Al(C4H9)3 979.33  23,504  3.0 https://www.lookchem.com/casno100-99-2.html 

Zr Catalyst 1354.17  32,500  2000 https://www.sigmaaldrich.com/catalog/product/aldrich/
221880?lang=en&region=US, 
https://www.sigmaaldrich.com/catalog/product/aldrich/
278327?lang=en&region=US, 
https://www.sigmaaldrich.com/catalog/product/aldrich/
274496?lang=en&region=US 

Air 1018.75  24,450  
  

SO3 393.64  9,447  20.0 https://dir.indiamart.com/impcat/sulphur-trioxide.html 

NaOH 196.65  4,720  0.52448 2018 NREL report,1 see footnote for 2016 dollars 

HCl 540.79  12,979  0.15 https://www.icis.com/explore/resources/news/2019/01/
03/10300671/outlook-19-us-hcl-market-expects-
stronger-demand-firming-prices/ 

Cooling water 1508337.87  36,200,109  Footnote 
a 

 

Products Flow rate 
(kg/hr) 

 Price 
($/kg) 

 

C40H81OSO3N
a 

3279.95  78,719  60.0 https://www.bulkapothecary.com/raw-ingredients/other-
ingredients-and-chemicals/sodium-laureth-sulfate-sles/ 

C40H82 1263.67  30,328  3.01 Table F10: Lubricants consumption, price, and 
expenditure estimates, 2018: 
https://www.eia.gov/state/seds/data.php?incfile=/state/
seds/sep_fuel/html/fuel_lu.html&sid=US 

Asphalt 5455.22  130,925  0.13 https://sciencing.com/how-6558396-calculate-asphalt-
prices.html 

AlCl3 658.42  15,802  1.5 https://www.alibaba.com/showroom/alcl3-price.html 

C4-C6 1776.45  42,635  0.5 https://tradingeconomics.com/commodity/naphtha 

Energy 
generated 

kW  kWh/day 
  

Electricity –5684.11  136,419 
  

a The process water price is $2.4/kgal and the cooling water price is $0.1/kgal according to the H2A model 
(reference: H2A Hydrogen Production Model: Version 3.2018 User Guide) 
 
 
 
 
  



 
 

 
 

 

Table S2. Installed capital cost of the designed plastic conversion process. 
 

Indirect depreciable capital cost 

A1: Area 100: Feedstock and catalyst 
handing 

$7,661,803  9.18% 

A2: Area 200: Plastic conversion and 
product separation 

$11,034,583  13.22% 

A3: Area 300: Catalyst recovery and 
recycle 

$513,127  0.61% 

A4: Combustion and cooling tower 
system 

$15,481,195  18.55% 

Total direct capital cost $34,690,709  41.58% 

Indirect depreciable capital cost 

Site preparation $690,558  0.83% 
Engineering & design $3,452,790  4.14% 
Project contingency  $5,179,185  6.21% 
Catalyst first fill fee $33,860,098  40.58% 
Up-front permitting costs $5,179,185  6.21% 
Total depreciable capital costs $82,889,715  99.34% 

Non-depreciable capital cost 

Land cost $550,362  0.66% 
Total Capital Costs $83,440,077  100.00% 

 
 
 
  



 
 

 
 

 

Table S3. Fixed cost and variable cost of the designed plastic conversion process. 
 

Fixed operating costs 

Labor cost $2,401,993  42.89% 
G&A $480,399  8.58% 
Property taxes and 
insurance 

$1,668,802  29.80% 

Material costs for 
maintenance and repairs 

$1,049,006  18.73% 

Total Fixed Operating 
Costs 

$5,600,199  100.00% 

Variable operating costs 

Feedstock costs $22,523,215  35.73% 

Energy utilities costs (H2 
and electricity) 

$0  0.00% 

Energy by-product credits 
(electricity) 

                         
(3,136,079) 

-4.97% 

None energy material and 
utilities costs (catalyst, tri-
isobutyl aluminum, 
cooling water, process 
water) 

$87,103,408  138.17% 

None energy by-product 
credits (lubricant, asphalt, 
AlCl3) 

                       
(43,450,113) 

-68.92% 

Other variable operating 
costs 

0 0.00% 

Total Variable operating 
costs 

$63,040,431  100.00% 

 
 
  



 
 

 
 

 

Table S4. Retail prices of some long chain fatty alcohols.  
 

Fatty alcohol carbon chain 
length 

Price ($/kg) Reference 

C20 $20-200/kg https://www.alibaba.com/product-detail/1-Eicosanol-
CAS-NO-629-96_60783118280.html  

C22 ~$60 / Kg https://www.alibaba.com/product-detail/Top-quality-
Docosanol-Behenyl-Alcohol-98_141789808.html  

C24 ~$100/ Kg https://www.alibaba.com/product-detail/506-51-4-
TETRACOSANOL_1600089028013.html 

 Bulk prices of C20 alcohol (1-icosanol) from Alibaba range from $20-200 per kg.  
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Supplemental Data 

 
1. HDPE + Zr(CH2CMe3)2@SiAlOx + AliBu3 (150 °C).  
 

 
Figure S1. 1H NMR spectrum of the oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 150 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
spectrum was acquired at room temperature in methylene chloride-d2 and assigned based on COSY and 
HSQC experiments in Figures S2 and S3. Signals at 0.7-0.9 ppm correspond to methyl groups, 1.0-2.7 
ppm correspond to methylene groups, and the peak at 1.5 ppm to the methine group. Peaks at 3.5-5.0 
ppm have been assigned as CH2-OH species. The data corresponds to the experiment reported in Table 
1, Entry 1. 
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Figure S2. COSY spectrum of the oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 150 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
spectrum was acquired at room temperature in methylene chloride-d2. Cross-peaks at 3.5-5.5 ppm 
correlate with methylene signals at 1.6-2.2 ppm indicative of -CH2-CH2-OH species. The data corresponds 
to the experiment reported in Table 1, Entry 1. 
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Figure S3. Phase sensitive 1H-13C HSQC spectrum of the oil isolated after reaction of HDPE and AliBu3 in 
the presence of Zr(CH2CMe3)2@SiAlOx at 150 °C for 12 h, quenched with O2, and extracted with methylene 
chloride. The spectrum was acquired at room temperature in methylene chloride-d2. The large polymer 
chain methylene peaks (in blue) at 13C 30 ppm have the same phase as cross-peaks at 13C 60-70 ppm (also 
blue), allowing assignment of the latter to primary alcohols -CH2-OH. The data corresponds to the 
experiment reported in Table 1, Entry 1. 
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Figure S4. FT-IR spectrum (KBr) of the oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 150 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
broad signal at 3435 cm–1 corresponds to an O-H stretch. The data corresponds to the experiment 
reported in Table 1, Entry 1. 
  



 
 

 
 

 

 
Figure S5. MALDI-TOF-MS of the oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 150 °C for 12 h, quenched with O2, and extracted with methylene chloride, 
acquired in linear, positive mode with AgNO3 (salt) and DHB (matrix). The data corresponds to the 
experiment reported in Table 1, Entry 1. 
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2. HDPE + Zr(CH2CMe3)2@SiAlOx + AliBu3 (200 °C). 

 
Figure S6. 1H NMR spectrum of the oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
spectrum was acquired at room temperature in methylene chloride-d2 and assigned based on COSY and 
HSQC experiments in Figures S7 and S8. Signals at 0.7-0.9 ppm correspond to methyl sgroups, peaks at 
1.0-2.5 ppm are assigned to methylenes, and those at 1.4 and 2.1 ppm are attributed to methine groups. 
Peaks at 3.5-5.0 ppm are assigned to -CH2-OH groups. The data corresponds to the experiment reported 
in Table 1, Entry 2. 
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Figure S7. COSY spectrum of the oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
spectrum was acquired at room temperature in methylene chloride-d2. Cross-peaks at 3.5-4.5 ppm that 
correspond to methylene peaks at 1.5-2.0 ppm are indicative of -CH2-CH2-OH species. The data 
corresponds to the experiment reported in Table 1, Entry 2. 
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Figure S8. Phase sensitive 1H-13C HSQC spectrum of the oil isolated after reaction of HDPE and AliBu3 in 
the presence of Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene 
chloride. The spectrum was acquired at room temperature in methylene chloride-d2. The large peak 
assigned to polymer methylene CH2 (in blue) at 13C 30 ppm has the same phase as cross-peaks at 13C 60-
70 ppm (also blue), allowing assignment of the latter to primary alcohols -CH2-OH. The data corresponds 
to the experiment reported in Table 1, Entry 2. 
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Figure S9. FT-IR spectrum (KBr) of the oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
broad signal at 3446 cm–1 corresponds to the O-H stretching mode. The data corresponds to the 
experiment reported in Table 1, Entry 2. 
  



 
 

 
 

 

 
Figure S10. MALDI-TOF-MS of the oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride, 
acquired in linear, positive mode with AgNO3 (salt) and DHB (matrix). The data corresponds to the 
experiment reported in Table 1, Entry 2. 
  

0

10

20

30

40

50

60

70

80

90

100

%Int.

500 600 700 800 900 1000
m/z

494.35

466.13

522.03

437.93
550.82

508.16 578.57

410.92

536.21
564.13 C# = CnH2n+1OH

C28

C30

C32

C34

C35

C36

C37

C38

C39

C40

C41

C42

C43
C44



 
 

 
 

 

3. HDPE + Zr(CH2CMe3)2@SiAlOx + AliBu3 (200 °C; portions of catalyst and AliBu3 are added at 0, 12, and 
24 h). 
 

 
Figure S11. 1H NMR spectrum of the oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(CH2CMe3)2@SiAlOx added at 0, 12, and 24 h, at 200 °C, quenched with O2, and extracted with 
methylene chloride. The spectrum was acquired at room temperature in chloroform-d and assigned based 
on TOCSY and HSQC experiments in Figures S12 and S13. Signals at 0.7-1.0 ppm are attributed to methyl 
groups, signals at 1.0-1.4 and 1.8-3.0 ppm are assigned to methylene groups, and the peak at 1.8 ppm 
corresponds to methine species. Peaks at 3.3-4.7 ppm are assigned to -CH2-OH groups. The data 
corresponds to the experiment reported in Table 1, Entry 3. 
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Figure S12. TOCSY spectrum of the oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(CH2CMe3)2@SiAlOx added at 0, 12, and 24 h, at 200 °C, quenched with O2, and extracted with 
methylene chloride. The spectrum was acquired at room temperature in chloroform-d. Cross-peaks at 3.5 
ppm correlate with methylene peaks at 2.0 ppm, which is indicative of -CH2-CH2-OH species. The data 
corresponds to the experiment reported in Table 1, Entry 3. 
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Figure S13. Phase sensitive 1H-13C HSQC spectrum of the oil isolated after reaction of HDPE and AliBu3 in 
the presence of Zr(CH2CMe3)2@SiAlOx added at 0, 12, and 24 h, at 200 °C, quenched with O2, and 
extracted with methylene chloride. The spectrum was acquired at room temperature in chloroform-d. The 
large peak assigned to polymer methylene CH2 (in blue) at 13C 30 ppm have the same phase as cross-
peaks at 13C 60-70 ppm (also blue), allowing assignment of the latter to primary alcohols -CH2-OH. The 
data corresponds to the experiment reported in Table 1, Entry 3. 
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Figure S14. FT-IR spectrum (KBr) of oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(CH2CMe3)2@SiAlOx added at 0, 12, and 24 h, at 200 °C, quenched with O2 and extracted with methylene 
chloride. The broad signal at 3460 cm–1 corresponds to an O-H stretch. The data corresponds to the 
experiment reported in Table 1, Entry 3. 
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Figure S15. MALDI-TOF-MS of the oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(CH2CMe3)2@SiAlOx added at 0, 12, and 24 h, at 200 °C, quenched with O2, and extracted with 
methylene chloride. The spectrum was acquired in linear, positive mode with AgNO3 (salt) and DHB 
(matrix), and alcohols self-ionize readily. The data corresponds to the experiment reported in Table 1, 
Entry 3. 
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4. HDPE + Zr(CH2CMe3)2@SiAlOx + AliBu3 (200 °C, quenched with MeOH). 
 

 
Figure S16. 1H NMR spectrum of the oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with degassed MeOH, and extracted with methylene 
chloride. The spectrum was acquired at room temperature in methylene chloride-d2 and assigned based 
on COSY and HSQC experiments in Figures S17 and S18. Signals at 0.7-1.0 ppm correspond to methyl 
groups, those at 1.0-1.6 ppm correspond to methylene moieties, and those at 2.13 ppm corresponds to 
methine groups. Note that signals from ca 5 to 3 ppm were not detected, in contrast to spectra quenched 
with O2, which contained signal in that region assigned to CH2OH. The data corresponds to the experiment 
reported in Table 1, Entry 4. 
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Figure S17. COSY spectrum of the oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with MeOH, and extracted with methylene chloride. 
The spectrum was acquired at room temperature in methylene chloride-d2. The data corresponds to the 
experiment reported in Table 1, Entry 4. 
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Figure S18. Phase sensitive 1H-13C HSQC spectrum of the oil isolated after reaction of HDPE and AliBu3 in 
the presence of Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with MeOH and extracted with 
methylene chloride. The spectrum was acquired at room temperature in methylene chloride-d2. The cross-
peak at 32 ppm, which is opposite in phase (red) with that of the prominent methylene signal (blue), is 
assigned to methine groups. The data corresponds to the experiment reported in Table 1, Entry 4. 
  



 
 

 
 

 

 
Figure S19. FT-IR spectrum (KBr) of the oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with MeOH, and extracted with methylene chloride. 
Note that the diagnostic OH signal in O2-quenched reactions is not detected in this material. The data 
corresponds to the experiment reported in Table 1, Entry 4. 
  



 
 

 
 

 

 
Figure S20. MALDI-TOF-MS of oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with MeOH, and extracted with methylene chloride. 
The spectrum was acquired in linear, positive mode with AgNO3 (salt) and DHB (matrix), and species 
appear as pairs of signals due to detection of 107Ag and 109Ag adducts. The data corresponds to the 
experiment reported in Table 1, Entry 4. 
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Figure S21. GC-MS of the oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with MeOH, and extracted with methylene chloride. 
The spectrum was acquired by dissolving the sample in methylene chloride. The GC-MS spectrum 
corroborates the distribution of hydrocarbon species detected in the MALDI-TOF-MS spectrum (Figure 
S20), as well as the distributions of O2, I2, and CO2-quenched reactions performed with 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h. Hence, the MALDI-TOF-MS spectra are confirmed as 
representative of the samples compositions. The data corresponds to the experiment reported in Table 1, 
Entry 4. 
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5. HDPE + Zr(CHCMe3)2@SiAlOx + AliBu3 (200 °C, quenched with I2). 
 

 
Figure S22. 1H NMR spectrum of the oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with I2, and extracted with methylene chloride. The 
spectrum was acquired at room temperature in methylene chloride-d2 and assigned based on COSY and 
HSQC experiments in Figures S23 and S24. Signals at 0.7-1.0 ppm are assigned to methyls, those at 1.0-
1.7 ppm correspond to methylene units, and those at 1.7-2.1 ppm are attributed to methine groups. Peaks 
at 3.0-3.2 ppm are assigned as -CH2-I groups. The data corresponds to the experiment reported in Table 
1, Entry 5. 
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Figure S23. COSY spectrum of the oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with I2, and extracted with methylene chloride. The 
spectrum was acquired at room temperature in methylene chloride-d2. The weak cross-peak at 3.1 ppm 
correlated with methylene signals at 1.3 ppm indicates -CH2-CH2-I species. The data corresponds to the 
experiment reported in Table 1, Entry 5. 
  

0.00.51.01.52.02.53.03.54.04.55.05.56.06.5
f2 (ppm)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

f1
 (p

pm
)



 
 

 
 

 

 

 
Figure S24. 1H-13C phase sensitive HSQC spectrum of the oil isolated after reaction of HDPE and AliBu3 in 
the presence of Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with I2, and extracted with methylene 
chloride. The spectrum was acquired at room temperature in methylene chloride-d2. The large peak 
assigned to polymer methylene CH2 (in blue) at 13C 30 ppm has the same phase as cross-peaks at 13C 10 
ppm (also blue), allowing assignment of the latter to primary -CH2-I. The data corresponds to the 
experiment reported in Table 1, Entry 5. 
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Figure S25. FT-IR spectrum (KBr) of the oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with I2, and extracted with methylene chloride. Signals 
between 490-515 cm–1 are assigned to C-I stretching modes. The data corresponds to the experiment 
reported in Table 1, Entry 5. 
  



 
 

 
 

 

 
Figure S26. MALDI-TOF-MS spectrum of the oil isolated after reaction of HDPE and AliBu3 in the presence 
of Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with I2, and extracted with methylene chloride. The 
isolated sample was dissolved in methylene chloride and PPh3 and heated at 50 °C for 4 h. The spectrum 
was acquired in linear, positive mode with DHB (matrix). Major peaks correspond to alkyl phosphonium 
species. The data corresponds to the experiment reported in Table 1, Entry 5. 
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6. HDPE + Zr(CH2CMe3)2@SiAlOx + AliBu3 (200 °C, quenched with CO2). 
 

 
Figure S27. 1H NMR spectrum of the oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with CO2, and extracted with methylene chloride. The 
spectrum was acquired at room temperature in methylene chloride-d2 and assigned based on COSY, 
HSQC and HMBC experiments shown in Figures S28, S29 and S30. Signals at 0.7-0.9 ppm are assigned 
to methyl groups, 1.0-2.3 ppm correspond to methylene groups, and 2.3-2.5 ppm are attributed to 
methine groups. The data corresponds to the experiment reported in Table 1, Entry 6. 
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Figure S28. COSY spectrum of the oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with CO2, and extracted with methylene chloride. The 
spectrum was acquired at room temperature in methylene chloride-d2. The data corresponds to the 
experiment reported in Table 1, Entry 6. 
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Figure S29. Phase sensitive 1H-13C HSQC spectrum of the oil isolated after reaction of HDPE and AliBu3 in 
the presence of Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with CO2, and extracted with 
methylene chloride. The spectrum was acquired at room temperature in methylene chloride-d2. The data 
corresponds to the experiment reported in Table 1, Entry 6. 
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Figure S30. 1H-13C HMBC spectrum of the oil isolated after reaction of HDPE and AliBu3 in the presence 
of Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with CO2, and extracted with methylene chloride. 
The spectrum was acquired at room temperature in methylene chloride-d2. Cross-peaks at 13C 170-180 
ppm reveal long-range correlations with methylene and methine signals in the 1H dimension at 2.0-2.5 
ppm, consistent with -CH2-CH2-COOH and -(R)CH-CH2-COOH chain ends. The data corresponds to the 
experiment reported in Table 1, Entry 6. 
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Figure S31. FT-IR spectrum (KBr) of the oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with CO2, and extracted with methylene chloride. The 
broad signal between 2800-3400 cm–1 corresponds to an O-H stretch and the intense signal at 1711 cm–1 
corresponds to a C=O stretch typical of R-COOH species. The data corresponds to the experiment 
reported in Table 1, Entry 6. 
  



 
 

 
 

 

 
Figure S32. MALDI-TOF-MS spectrum of oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with CO2, and extracted with methylene chloride. The 
spectrum was acquired in linear, positive mode with AgNO3 (salt) and DHB (matrix), and species appear 
as pairs due to 107Ag and 109Ag adducts. The data corresponds to the experiment reported in Table 1, 
Entry 6. 
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7. HDPE + Zr(CH2CMe3)2@SiAlOx + AlEt3 (150 °C). 
 

 
Figure S33. 1H NMR spectrum of the oil isolated after reaction of HDPE and AlEt3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 150 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
spectrum was acquired at room temperature in methylene chloride-d2 and assigned based on COSY and 
HSQC experiments in Figures S34 and S35. Signals at 0.7-0.9 ppm correspond to methyl groups, peaks 
at 1.0-1.6 and 1.7-2.2 ppm are attributed to the methylene groups, and those at 1.6-1.7 ppm correspond 
to methine groups. Peaks at 4.6-4.8 ppm are assigned to -CH2-OH moieties. The data corresponds to the 
experiment reported in Table 1, Entry 7. 
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Figure S34. COSY spectrum of the oil isolated after reaction of HDPE and AlEt3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 150 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
spectrum was acquired at room temperature in methylene chloride-d2. The cross-peak at 4.7 ppm 
correlates to the methylene signal at 2.0 ppm, consistent with the -CH2-CH2-OH end group structure. The 
data corresponds to the experiment reported in Table 1, Entry 7. 
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Figure S35. Phase sensitive 1H-13C HSQC spectrum of the oil isolated after reaction of HDPE and AlEt3 in 
the presence of Zr(CH2CMe3)2@SiAlOx at 150 °C for 12 h, quenched with O2, and extracted with methylene 
chloride. The spectrum was acquired at room temperature in methylene chloride-d2. Cross-peaks at 13C 
60-70 ppm have the same phase (blue) as the methylene peaks at 30 ppm, which is indicative of -CH2-OH 
species (i.e., the alcohols are primary). The data corresponds to the experiment reported in Table 1, Entry 
7. 
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Figure S36. FT-IR spectrum (KBr) of the oil isolated after reaction of HDPE and AlEt3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 150 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
broad signal at 3435 cm–1 corresponds to an O-H stretching mode. The data corresponds to the 
experiment reported in Table 1, Entry 7. 
 
  



 
 

 
 

 

 
Figure S37. MALDI-TOF-MS spectrum of the oil isolated after reaction of HDPE and AlEt3 in the presence 
of Zr(CH2CMe3)2@SiAlOx at 150 °C for 12 h, quenched with O2, and extracted with methylene chloride. 
The spectrum was acquired in linear, positive mode with AgNO3 (salt) and DHB (matrix). The data 
corresponds to the experiment reported in Table 1, Entry 7. 
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8. HDPE + Zr(CH2CMe3)2@SiAlOx + AlEt3 (200 °C). 
 

 
 
Figure S38. 1H NMR spectrum of the oil isolated after reaction of HDPE and AlEt3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
spectrum was acquired at room temperature in methylene chloride-d2 and assigned based on TOCSY and 
HSQC experiments in Figures S39 and S40. Signals at 0.7-0.9 ppm correspond to methyl peaks at 1.0-1.5, 
1.7-2.1, and 2.6-3.3 ppm are attributed to methylene moieties, and those at 1.5-1.7, 2.1-2.6 ppm 
correspond to methine groups. Peaks at 4.6-5.2 ppm are assigned to -CH2-OH groups. The data 
corresponds to the experiment reported in Table 1, Entry 8. 
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Figure S39. TOCSY spectrum of the oil isolated after reaction of HDPE and AlEt3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
spectrum was acquired at room temperature in methylene chloride-d2. Cross-peaks at 4.7-5.3 ppm 
correlating to methylene signals at 1.3 and 2.1 ppm are indicative of -CH2-CH2-OH structures. The data 
corresponds to the experiment reported in Table 1, Entry 8. 
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Figure S40. Phase sensitive 1H-13C HSQC spectrum of the oil isolated after reaction of HDPE and AlEt3 in 
the presence of Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene 
chloride. The spectrum was acquired at room temperature in methylene chloride-d2. Cross-peaks at 13C 
60-65 ppm have the same phase (blue) as methylene peaks at 30 ppm, indicative of -CH2-OH end groups 
(i.e., alcohols are primary). The data corresponds to the experiment reported in Table 1, Entry 8. 
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Figure S41. FT-IR spectrum (KBr) of the oil isolated after reaction of HDPE and AlEt3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
broad signal at 3435 cm–1 corresponds to an O-H stretch. The data corresponds to the experiment 
reported in Table 1, Entry 8. 
  



 
 

 
 

 

 
 
Figure S42. MALDI-TOF-MS spectrum of the oil isolated after reaction of HDPE and AlEt3 in the presence 
of Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. 
The spectrum was acquired in linear, positive mode with AgNO3 (salt) and DHB (matrix). The data 
corresponds to the experiment reported in Table 1, Entry 8. 
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9. HDPE + Zr(CH2CMe3)2@SiAlOx + AlPh3 (200 °C). 
 

 
 
Figure S43. 1H NMR spectrum of the oil isolated after reaction of HDPE and AlPh3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
spectrum was acquired at room temperature in methylene chloride-d2 and assigned based on COSY and 
HSQC experiments in Figures S44 and S45. Signals at 0.7-0.9 ppm correspond to methyl groups, peaks 
at 1.0-1.6 and 1.8-3.0 ppm are attributed to methylene, and those at 1.6-1.8 ppm are assigned to methine 
groups. Incorporation of phenyl groups in the product is evident from the aromatic signals between 6.8-
8.0 ppm. Signals at 3.5-4.8 ppm are assigned to -CH2-OH groups. The data corresponds to the experiment 
reported in Table 1, Entry 9. 
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Figure S44. COSY spectrum of the oil isolated after reaction of HDPE and AlPh3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
spectrum was acquired at room temperature in methylene chloride-d2. Cross-peaks at 4.0, 4.7, and 5.1 
ppm correlate with the methylene signals at 2.1 ppm, and cross-peaks at 3.6 and 5.2 ppm correlate with 
methine signals at 1.6 ppm, indicative of both -CH2-CH2-OH and -(R)CH-CH2-OH structures (R = phenyl or 
alkyl, as shown in the HMBC below). The data corresponds to the experiment reported in Table 1, Entry 
9. 
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Figure S45. Phase sensitive 1H-13C HSQC spectrum of the oil isolated after reaction of HDPE and AlPh3 in 
the presence of Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene 
chloride. The spectrum was acquired at room temperature in methylene chloride-d2. Cross-peaks at 13C 
60-70 ppm have the same phase (blue) as methylene peaks at 30 ppm, revealing the -CH2-OH structure. 
Cross-peaks at 13C 125-135 ppm correspond to aromatic C-H groups and have the opposite phase (red) 
as methylene peaks at 30 ppm. The data corresponds to the experiment reported in Table 1, Entry 9. 
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Figure S46. 1H-13C HMBC spectrum of the oil isolated after reaction of HDPE and AlPh3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
spectrum was acquired at room temperature in methylene chloride-d2. Cross-peaks at 13C 130-140 ppm 
correlate with 1H NMR signals at 4.1 ppm assigned to CH2OH, and 1H NMR signals at 7.5 ppm assigned 
to aromatic protons correlate with 13C signals at 40 ppm assigned to methines. These observations indicate 
that -Ph(CH)-CH2-OH species are formed, which would arise from phenylalumination of in-situ generated 
olefins (e.g., by b-alkyl or hydrogen elimination), followed by quenching with O2. Note that the MALDI-
TOF-MS shown below indicates aromatic-containing alkylalcohols are also formed during deconstruction. 
The data corresponds to the experiment reported in Table 1, Entry 9. 
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Figure S47. FT-IR spectrum (KBr) of the oil isolated after reaction of HDPE and AlPh3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. Broad 
signals between 3100-3700 cm–1 correspond to an O-H stretching modes. Signals at 3061 cm–1 and 1619-
1639 cm–1 correspond to C-H and C=C stretching modes of aromatic groups. The data corresponds to the 
experiment reported in Table 1, Entry 9. 
  



 
 

 
 

 

 
 
Figure S48. MALDI-TOF-MS spectrum of oil isolated after reaction of HDPE and AlPh3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
spectrum was acquired in linear, positive mode with DHB (matrix). Three distinct types of species were 
identified, namely (1) alkyl benzenes (blue), (2) fatty alcohols (pink) and (3) fatty alcohols containing a single 
phenyl group as a result of phenylalumination (red). The data corresponds to the experiment reported in 
Table 1, Entry 9. 
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10. HDPE + Zr(CH2CMe3)2@SiAlOx + AlH3 (200 °C). 
 

 
 
Figure S49. 1H NMR spectrum of the oil isolated after reaction of HDPE and AlH3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
spectrum was acquired at room temperature in methylene chloride-d2 and assigned based on COSY and 
HSQC experiments in Figures S50 and S51. Signals at 0.7-1.0 ppm are assigned to methyls, those at 1.0-
2.3 ppm correspond to methylene, and those at 2.3-3.0 ppm are attributed to methine groups. Peaks at 
3.6-4.8 ppm are assigned to -CH2-OH groups. The data corresponds to the experiment reported in Table 
1, Entry 10. 
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Figure S50. TOCSY spectrum of the oil isolated after reaction of HDPE and AlH3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
spectrum was acquired at room temperature in methylene chloride-d2. Cross-peaks at 4.5-4.7 ppm 
correlate with methylene signals at 1.6 ppm, indicative of -CH2CH2-OH species. The data corresponds to 
the experiment reported in Table 1, Entry 10. 
  



 
 

 
 

 

 
 
Figure S51. Phase sensitive 1H-13C HSQC spectrum of the oil isolated after reaction of HDPE and AlH3 in 
the presence of Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene 
chloride. The spectrum was acquired at room temperature in methylene chloride-d2. Cross-peaks at 13C 
60-70 ppm have the same phase (blue) as methylene peaks at 30 ppm, revealing the former are -CH2-OH 
moieties (primary alcohols). The data corresponds to the experiment reported in Table 1, Entry 10. 
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Figure S52. FT-IR spectrum (KBr) of oil isolated after reaction of HDPE and AlH3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
broad signal at 3435 cm–1 corresponds to an O-H stretch. The data corresponds to the experiment 
reported in Table 1, Entry 10. 
  



 
 

 
 

 

 
 
Figure S53. MALDI-TOF-MS spectrum of oil isolated after reaction of HDPE and AlH3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
spectrum was acquired in linear, positive mode with AgNO3 (salt) and DHB (matrix). The data corresponds 
to the experiment reported in Table 1, Entry 10. 
 
 
  



 
 

 
 

 

11. Post-consumer HDPE plastic grocery bag + Zr(CH2CMe3)2@SiAlOx + AliBu3 (200 °C). 
 

 
 
Figure S54. 1H NMR spectrum of the oil isolated after reaction of a post-consumer HDPE plastic grocery 
bag and AliBu3 in the presence of Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and 
extracted with methylene chloride. The spectrum was acquired at room temperature in methylene 
chloride-d2 and assigned based on TOCSY and HSQC experiments in Figures S55 and S56. Signals at 0.7-
1.0 ppm correspond to methyl groups, peaks at 1.0-1.3, 1.4-1.9, and 2.0-3.0 ppm are assigned to 
methylene groups, and those at 1.3-1.4 and 1.9-2.0 ppm correspond to methine groups. Peaks at 3.5-4.8 
ppm are assigned to -CH2-OH groups. The data corresponds to the experiment reported in Table 1, Entry 
11. 
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Figure S55. TOCSY spectrum of the oil isolated after reaction of a post-consumer HDPE plastic grocery 
bag and AliBu3 in the presence of Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and 
extracted with methylene chloride. The spectrum was acquired at room temperature in methylene 
chloride-d2. Cross-peaks at 3.6-4.0 ppm correlate with methylene signals at 1.6 ppm, which is indicative 
of -CH2-CH2-OH species. The data corresponds to the experiment reported in Table 1, Entry 11. 
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Figure S56. Phase sensitive 1H-13C HSQC spectrum of the oil isolated after reaction of a post-consumer 
HDPE plastic grocery bag and AliBu3 in the presence of Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched 
with O2, and extracted with methylene chloride. The spectrum was acquired at room temperature in 
methylene chloride-d2. Cross-peaks at 13C 55-70 ppm have the same phase (red) as methylene peaks at 
30 ppm, revealing the former are -CH2-OH moieties. The data corresponds to the experiment reported in 
Table 1, Entry 11. 
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Figure S57. FT-IR spectrum (KBr) of the oil isolated after reaction of a post-consumer HDPE plastic grocery 
bag and AliBu3 in the presence of Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and 
extracted with methylene chloride. Broad signals between 3200-3600 cm–1 correspond to O-H stretches. 
The data corresponds to the experiment reported in Table 1, Entry 11. 
 
  



 
 

 
 

 

 
 
Figure S58. MALDI-TOF-MS spectrum of the oil isolated after reaction of a post-consumer HDPE plastic 
grocery bag and AliBu3 in the presence of Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, 
and extracted with methylene chloride. The spectrum was acquired in linear, positive mode with AgNO3 
(salt) and DHB (matrix). The data corresponds to the experiment reported in Table 1, Entry 11. 
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12. iPP + Zr(CH2CMe3)2@SiAlOx + AliBu3 (200 °C). 
 

 
 
Figure S59. 1H NMR spectrum of the oil isolated after reaction of isotactic polypropylene and AliBu3 in the 
presence of Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene 
chloride. The spectrum was acquired at room temperature in methylene chloride-d2 and assigned based 
on COSY and HSQC experiments in Figures S60 and S61. Signals at 0.7-1.0 ppm are assigned to methyl 
groups, peaks at 1.0-1.5 ppm correspond to methylene groups, and those at 1.5-3.0 ppm are attributed 
to methine groups. Peaks at 4.6-5.2 ppm are assigned to -CH2-OH groups. The data corresponds to the 
experiment reported in Table 1, Entry 12. 
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Figure S60. COSY spectrum of the oil isolated after reaction of polypropylene and AliBu3 in the presence 
of Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. 
The spectrum was acquired at room temperature in methylene chloride-d2. Cross-peaks at 4.7-5.2 ppm 
correlate with methine signals at 1.6-2.5 ppm, which is indicative of –(R)CH-CH2-OH species. The data 
corresponds to the experiment reported in Table 1, Entry 12. 
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Figure S61. Phase sensitive 1H-13C HSQC spectrum of the oil isolated after reaction of polypropylene and 
AliBu3 in the presence of Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with 
methylene chloride. The spectrum was acquired at room temperature in methylene chloride-d2. Cross-
peaks at 13C 60-70 ppm have the same phase (blue) as methylene peaks at 30 ppm, revealing the former 
are -CH2-OH moieties. The data corresponds to the experiment reported in Table 1, Entry 12. 
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Figure S62. FT-IR spectrum (KBr) of the oil isolated after reaction of polypropylene and AliBu3 in the 
presence of Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene 
chloride. Broad signals between 3200-3600 cm–1 correspond to O-H stretching modes. The data 
corresponds to the experiment reported in Table 1, Entry 12. 
  



 
 

 
 

 

 
 
Figure S63. MALDI-TOF-MS spectrum of the oil isolated after reaction of polypropylene and AliBu3 in the 
presence of Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene 
chloride. The spectrum was acquired in linear, positive mode with AgNO3 (salt) and DHB (matrix). The data 
corresponds to the experiment reported in Table 1, Entry 12. 
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13. HDPE + Zr(OCH2CMe3)2@SiAlOx + AliBu3 (200 °C). 
 

 
 
Figure S64. 1H NMR spectrum of the oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(OCH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
spectrum was acquired at room temperature in methylene chloride-d2 and assigned based on COSY and 
HSQC experiments in Figures S65 and S66. Signals at 0.7-1.0 ppm are assigned to methyls, the peaks at 
1.0-1.3, 1.4-1.6, 1.7-2.1, and 2.3-2.7 ppm correspond to methylene groups, and those at 1.3-1.4, 1.6-1.7, 
and 2.1-2.3 ppm are attributed to methine groups. Peaks at 3.5-4.7 ppm are assigned to CH2-OH groups. 
The data corresponds to the experiment reported in Table 1, Entry 13. 
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Figure S65. COSY spectrum of the oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(OCH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
spectrum was acquired at room temperature in methylene chloride-d2. Cross-peaks at 3.6-4.8 ppm 
correlate with methylene signals at 1.5-2.0 ppm, which is indicative of CH2-CH2-OH moieties. The data 
corresponds to the experiment reported in Table 1, Entry 13. 
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Figure S66. Phase sensitive 1H-13C HSQC spectrum of the oil isolated after reaction of HDPE and AliBu3 in 
the presence of Zr(OCH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with 
methylene chloride. The spectrum was acquired at room temperature in methylene chloride-d2. Cross-
peaks at 13C 60-70 ppm that have the same phase (blue) as methylene peaks at 30 ppm revealing the 
former are -CH2-OH moieties. The data corresponds to the experiment reported in Table 1, Entry 13. 
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Figure S67. FT-IR spectrum (KBr) of the oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(OCH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
broad signal at 3354 cm–1 corresponds to an O-H stretch. The data corresponds to the experiment 
reported in Table 1, Entry 13. 
  



 
 

 
 

 

 
 
Figure S68. MALDI-TOF-MS spectrum of the oil isolated after reaction of HDPE and AliBu3 in the presence 
of Zr(OCH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. 
The spectrum was acquired in linear, positive mode with AgNO3 (salt) and DHB (matrix). The data 
corresponds to the experiment reported in Table 1, Entry 13. 
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14. HDPE + Zr(OCH2CMe3)2@SiAlOx + AlH3 (200 °C). 
 

 
 
Figure S69. 1H NMR spectrum of the oil isolated after reaction of HDPE and AlH3 in the presence of 
Zr(OCH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
spectrum was acquired at room temperature in methylene chloride-d2 and assigned based on COSY and 
HSQC experiments in Figures S70 and S71. Signals at 0.7-1.0 ppm are assigned to methyl groups, peaks 
at 1.0-1.3, 1.4-2.1, and 2.2-2.7 ppm correspond to methylene groups, and those at 1.3-1.4 and 2.1-2.2 
ppm are attributed to methine groups. Peaks at 3.3-4.8 ppm are assigned to -CH2-OH groups. The data 
corresponds to the experiment reported in Table 1, Entry 14. 
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Figure S70. COSY spectrum of the oil isolated after reaction of HDPE and AlH3 in the presence of 
Zr(OCH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
spectrum was acquired at room temperature in methylene chloride-d2. Cross-peaks at 3.5-4.1 ppm 
correlate with methylene signals at 1.5-1.8 ppm, indicative of -CH2-CH2-OH moieties. The data 
corresponds to the experiment reported in Table 1, Entry 14. 
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Figure S71. Phase sensitive 1H-13C HSQC spectrum of the oil isolated after reaction of HDPE and AlH3 in 
the presence of Zr(OCH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with 
methylene chloride. The spectrum was acquired at room temperature in methylene chloride-d2. Cross-
peaks at 13C 60-70 ppm have the same phase (blue) as methylene peaks at 30 ppm, revealing the former 
are -CH2-OH moieties. The data corresponds to the experiment reported in Table 1, Entry 14. 
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Figure S72. FT-IR spectrum (KBr) of the oil isolated after reaction of HDPE and AlH3 in the presence of 
Zr(OCH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. 
Broad signals between 3300-3600 cm–1 correspond to O-H stretches. The data corresponds to the 
experiment reported in Table 1, Entry 14. 
  



 
 

 
 

 

 

 
Figure S73. MALDI-TOF-MS spectrum of the oil isolated after reaction of HDPE and AlH3 in the presence 
of Zr(OCH2CMe3)2@SiAlOx at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. 
The spectrum was acquired in linear, positive mode with AgNO3 (salt) and DHB (matrix). The data 
corresponds to the experiment reported in Table 1, Entry 14. 
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15. HDPE + Zr(OCH2CMe3)2@SiAlOx + AlH3 (200 °C, Dynamic Vacuum). 
 

 
 
Figure S74. 1H NMR spectrum of the oil isolated after reaction of HDPE and AlH3 in the presence of 
Zr(OCH2CMe3)2@SiAlOx at 200 °C for 12 h under dynamic vacuum, quenched with O2, and extracted with 
methylene chloride. The spectrum was acquired at room temperature in methylene chloride-d2 and 
assigned based on TOCSY and HSQC experiments in Figures S75 and S76. Signals at 0.7-1.0 ppm 
correspond to methyl groups, peaks at 1.0-1.3 and 1.5-2.4 ppm are attributed to methylene groups, and 
those at 1.3-1.5 and 2.4-2.7 ppm correspond to methine groups. Peaks at 3.5-4.7 ppm are assigned to -
CH2-OH groups. The data corresponds to the experiment reported in Table 1, Entry 15. 
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Figure S75. TOCSY spectrum of the oil isolated after reaction of HDPE and AlH3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h under dynamic vacuum, quenched with O2, and extracted with 
methylene chloride. The spectrum was acquired at room temperature in methylene chloride-d2. The cross-
peak at 3.6 ppm correlates with methylene signals at 1.6 ppm, indicative of -CH2-CH2-OH species. The 
data corresponds to the experiment reported in Table 1, Entry 15. 
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Figure S76. Phase sensitive 1H-13C HSQC spectrum of the oil isolated after reaction of HDPE and AlH3 in 
the presence of Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h under dynamic vacuum, quenched with O2 and 
extracted with methylene chloride. The spectrum was acquired at room temperature in methylene 
chloride-d2. Cross-peaks at 13C 60-70 ppm have the same phase (blue) as methylene peaks at 13C 30 ppm, 
revealing the former are -CH2-OH moieties (primary alcohols), whereas the cross-peak at 13C 72 ppm (red) 
is attributed to an –(R)CH-OH species (i.e. a secondary alcohol). The data corresponds to the experiment 
reported in Table 1, Entry 15. 
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Figure S77. FT-IR spectrum (KBr) of the oil isolated after reaction of HDPE and AlH3 in the presence of 
Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h under dynamic vacuum, quenched with O2, and extracted with 
methylene chloride. Broad signals between 3200-3500 cm–1 correspond to O-H stretches. The data 
corresponds to the experiment reported in Table 1, Entry 15. 
  



 
 

 
 

 

 
 
Figure S78. MALDI-TOF-MS spectrum of the oil isolated after reaction of HDPE and AlH3 in the presence 
of Zr(CH2CMe3)2@SiAlOx at 200 °C for 12 h under dynamic vacuum, quenched with O2, and extracted with 
methylene chloride. The spectrum was acquired in linear, positive mode with AgNO3 (salt) and DHB 
(matrix). The data corresponds to the experiment reported in Table 1, Entry 15. 
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16. HDPE + Zr(CH2CMe3)2@SiO2 + AliBu3 (200 °C). 
 

 
 
Figure S79. 1H NMR spectrum of the oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(CH2CMe3)2@SiO2 at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
spectrum was acquired at room temperature in methylene chloride-d2 and assigned based on COSY and 
HSQC experiments in Figures S80 and S81. Signals at 0.7-1.0 ppm are assigned to methyl groups, peaks 
at 1.0-1.3, 1.4-1.6, and 2.0-2.7 ppm correspond to methylene groups, and those at 1.3-1.4, 1.6-1.7, and 
1.8-2.0 ppm are attributed to methine groups. Peaks at 3.3-4.7 ppm are assigned to -CH2-OH groups. The 
data corresponds to the experiment reported in Table 1, Entry 16. 
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Figure S80. COSY spectrum of the oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(CH2CMe3)2@SiO2 at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
spectrum was acquired at room temperature in methylene chloride-d2. Cross-peaks at 3.6-4.0 ppm 
correlate with methylene signals at 1.4-1.6 ppm, indicative of -CH2-CH2-OH species. The data corresponds 
to the experiment reported in Table 1, Entry 16. 
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Figure S81. Phase sensitive 1H-13C HSQC spectrum of the oil isolated after reaction of HDPE and AliBu3 in 
the presence of Zr(CH2CMe3)2@SiO2 at 200 °C for 12 h, quenched with O2, and extracted with methylene 
chloride. The spectrum was acquired at room temperature in methylene chloride-d2. Cross-peaks at 13C 
60-70 ppm have the same phase (blue) as methylene peaks at 30 ppm, revealing the former are -CH2-OH 
moieties. The data corresponds to the experiment reported in Table 1, Entry 16. 
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Figure S82. FT-IR spectrum (KBr) of the oil isolated after reaction of HDPE and AliBu3 in the presence of 
Zr(CH2CMe3)2@SiO2 at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
broad signal at 3347 cm–1 corresponds to an O-H stretch. The data corresponds to the experiment 
reported in Table 1, Entry 16. 
  



 
 

 
 

 

 
Figure S83. MALDI-TOF-MS spectrum of the oil isolated after reaction of HDPE and AliBu3 in the presence 
of Zr(CH2CMe3)2@SiO2 at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
spectrum was acquired in linear, positive mode with AgNO3 (salt) and DHB (matrix). The data corresponds 
to the experiment reported in Table 1, Entry 16. 
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17. HDPE + Zr(CH2CMe3)2@SiO2 + AlEt3 (200 °C). 
 

 
 
Figure S84. 1H NMR spectrum of the oil isolated after reaction of HDPE and AlEt3 in the presence of 
Zr(CH2CMe3)2@SiO2 at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
spectrum was acquired at room temperature in methylene chloride-d2 and assigned based on COSY and 
HSQC experiments in Figures S85 and S86. Signals at 0.7-1.0 ppm are assigned to methyl groups, peaks 
at 1.0-1.6 and 1.7-3.0 ppm correspond to methylene groups, and those at 1.6-1.7 ppm are attributed to 
methine groups. Peaks at 3.0-5.2 ppm are assigned to -CH2-OH groups. The data corresponds to the 
experiment reported in Table 1, Entry 17. 
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Figure S85. COSY spectrum of the oil isolated after reaction of HDPE and AlEt3 in the presence of 
Zr(CH2CMe3)2@SiO2 at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
spectrum was acquired at room temperature in methylene chloride-d2. Cross-peaks at 4.7-5.2 ppm 
correlate with methylene signals at 1.3-2.0 ppm, indicative of -CH2-CH2-OH moieties. The data 
corresponds to the experiment reported in Table 1, Entry 17. 
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Figure S86. Phase sensitive 1H-13C HSQC spectrum of the oil isolated after reaction of HDPE and AlEt3 in 
the presence of Zr(CH2CMe3)2@SiO2 at 200 °C for 12 h, quenched with O2, and extracted with methylene 
chloride. The spectrum was acquired at room temperature in methylene chloride-d2. Cross-peaks at 13C 
60-70 ppm have the same phase (red) as methylene peaks at 30 ppm revealing the former are -CH2-OH 
moieties. The data corresponds to the experiment reported in Table 1, Entry 17. 
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Figure S87. FT-IR spectrum (KBr) of the oil isolated after reaction of HDPE and AlEt3 in the presence of 
Zr(CH2CMe3)2@SiO2 at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
broad signal at 3442 cm–1 corresponds to an O-H stretch. The data corresponds to the experiment 
reported in Table 1, Entry 17. 
 
  



 
 

 
 

 

 
Figure S88. MALDI-TOF-MS spectrum of the oil isolated after reaction of HDPE and AlEt3 in the presence 
of Zr(CH2CMe3)2@SiO2 at 200 °C for 12 h, quenched with O2, and extracted with methylene chloride. The 
spectrum was acquired in linear, positive mode with AgNO3 (salt) and DHB (matrix). The data corresponds 
to the experiment reported in Table 1, Entry 17. 
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Figure S89. Nitrogen adsorption/desorption isotherm of SiAlOx, to determine surface area of 182 m2/g 
prior to grafting Zr(CH2CMe3)4. 
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Figure S90. DRIFT spectrum of Zr(CH2CMe3)2@SiAlOx acquired at room temperature. Compare with DRIFT 
spectra after treatment with AliBu3, shown in Figure 3.  
  



 
 

 
 

 

 
Figure S91. DRIFT spectrum of Zr(CH2CMe3)2@SiO2 acquired at room temperature is similar to that of 
Zr(CH2CMe3)2@SiAlOx in Figure S90. 
  



 
 

 
 

 

 
Figure S92. 1H NMR spectrum of Zr(CH2CMe3)2@SiAlOx + AliBu3 (3 equiv.) at room temperature in benzene-
d6. The presence of Al(CH2CMe3)3 (b) is consistent with an alkyl exchange reaction between surface Zr-
CH2CMe3 groups and Al-CH2CHMe2. About 33% of the total neopentyl groups are transferred to aluminum 
from zirconium. The presence of isobutylene (e) is consistent with the presence of Zr-H surface species, 
presumably arising due to alkyl exchange of surface Zr sites with AliBu3 followed by β-hydride eliminations 
of in-situ formed Zr-CH2-CHMe2 groups. Note that AliBu3 by itself is stable in C6D6 at room temperature 
and no isobutylene is observed. The alkanes isobutane and neopentane are likely formed from the reaction 
of AliBu3 and Al(CH2CMe3)3 with uncapped surface Si-OH groups (~0.08 mmol/g). 
  



 
 

 
 

 

 
Figure S93. Depolymerization and re-oligomerization sequence to generate long chain alkylaluminum 
products is ruled out by attempted ethylene oligomerization under reaction conditions. 
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Figure S94. The process of polymer conversion to fatty alcohols and other products. 
 
 
  



 
 

 
 

 

 
Figure S95. The cost breakdown of C40 sodium fatty alcohol sulfate product. 
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Figure S96.17O{27Al} TRAPDOR spectra for the SiAl17Ox-supported Zr(OCH2CMe3)4 pre-catalyst. Three 
resonances can be identified belonging to the Zr-bound oxygens, the framework oxygens, and hydroxyl 
species. As can be seen only the framework oxygen is dephased by the 27Al pulse, indicating that the vast 
majority of Zr sites are bound to a silanol and are not in an immediate proximity of an Al site. 
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