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ABSTRACT: A homologous series of cationic electrophilic group IV metal hydrides (M = Ti, Zr, Hf) created by chemisorption
of the corresponding MNpa4 precursors on highly Brgnsted acidic sulfated alumina (AIS) to yield loosely coordinated surface
AlS/MNp: (Np = neopentyl) species are systematically characterized by ICP, EXAFS/XANES, DRIFTS, and solid-state high-
resolution multi-dimensional NMR spectroscopy (SSNMR), as well as by energy span DFT computation. With effective stirring,
these complexes readily undergo reaction with Hz to yield AIS/M(alkyl)H species which are highly active for the hydrogenol-
ysis of diverse commercial polyethylenes, a-olefin-ethylene copolymers, isotactic polypropylene, and post-consumer polyole-
fins including high-density polyethylenes, yielding medium and small linear and branched hydrocarbons at turnover frequen-
cies as high as 36,300 h-1at 200 °C/17 atm Hz for M = Zr. For a given polyolefin and reaction conditions, turnover frequencies
scale approximately as M = Zr > Hf > Ti, while catalyst thermal stability scales approximately as M = Hf = Zr > Ti, and these
trends are qualitatively understandable from the DFT analysis. These catalytic results reveal that the AlS/Hf(R)H- mediated
hydrogenolysis favors wax-like and liquid products while the AlS/Zr(R)H-mediated hydrogenolysis can be tuned between
gases and liquids. DFT analysis identifies -alkyl elimination as the turnover-limiting C-C scission process, which is particu-

larly facile in these cationic d° complexes, but not so in the neutrally charged analogues.

Introduction

Global plastics waste accumulation is a serious and growing
challenge. Annual synthetic, petroleum-based plastics pro-
duction has increased from less than 2 million tons in 1950
to 380 million tons in 2015 and is projected to double again
by 2040. Globally, 18% and 24% of non-fiber plastic waste
is recycled or incinerated, respectively, and less than 10%
is recycled in the United States.! Although preferable to ac-
cumulation/landfilling, recycling is typically carried out by
a mechanical or melt-and-remold process, yielding a prod-
uct with inferior thermal, optical, and mechanical resili-
ence.?3 Plastics incineration recovers only a fraction of the
energy used in the production of the material as heat, and
may co-produce toxic combustion byproducts and green-
house COz, making it unacceptable as a “green” process.*>

Versatile, durable, lightweight, and low-cost polyolefins
are produced on a huge scale for economically essential
products such as light-weight automotive and machinery
parts, PPEs and prosthetics, construction materials, shoes
and clothing, products for agriculture, food packaging/stor-
age, solar cell encapsulation, etc. Note that polyethylene
(PE) copolymers and homopolymers, classified as low-den-
sity (LDPE) or high-density (HDPE), respectively, currently
constitute the largest fraction of all plastic waste (36% by

mass). They can be depolymerized by pyrolysis at tempera-
tures over 400 °C, in an unselective process that produces
low-value mixtures of hydrocarbons and char.68

Catalytic hydrogenolysis processes have been the sub-
ject of increasing interest as a means to convert polyolefin
waste into more valuable products.®1t Here polyolefin chain
scission can be achieved with abundant grey, blue, or green
Hz to produce lighter hydrocarbons, including wax-range
materials as a form of upcycling. Most of the catalysts em-
ployed are supported precious metal-based Pd, Pt, Ru, or Re
catalysts, used at relatively high temperatures, Hz pres-
sures, and catalyst loadings, reflecting relatively sluggish
activity.!1-22 Some of these catalysts can exhibit high selec-
tivity through upcycling of the PE-derived products, but ex-
hibit only limited activity with polypropylene (PP) and
branched polyolefin copolymers.!® Furthermore, while the
heterogeneous nature of these catalysts may impart signifi-
cant thermal stability and recyclability, atomistic character-
ization of the catalytically active sites among other sites re-
mains challenging, and for these reasons defining the actual
reaction mechanism(s) either experimentally or theoreti-
cally is similarly challenged.

For all the above reasons, we sought alternative cata-
lytic systems with earth-abundant metals and having better
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defined structural characteristics, focusing on single-site
heterogeneous catalysts (SSHCs)?3-2¢ derived from earth-
abundant molecular organometallic precursors and sup-
ports that function as both weakly bound ligands and elec-
trophilic precatalyst activators.?”- 28 We initially focused on
well-defined molecule-derived electrophilic/cationic or-
ganozirconium systems supported on sulfated metal oxides,
which were known to be highly active SSHCs for olefin
polymerization and hydrogenation as well as stereoselec-
tive arene hydrogenation (Figure 1A).2-33 This Laboratory
recently reported the facile hydrogenolysis of alkanes and
polyolefins under mild conditions, catalyzed by the SSHC
AlS/Zr(R)H species where R = alkyl, synthesized by the
chemisorption of ZrNp4 on sulfated aluminum oxide (AlS)
(Figure 1B).27 28 The high surface area AlS offers highly
Brgnsted acidic surface -OH groups while the deprotonated
conjugate basic counterpart provides weak/weakly coordi-
nating Brgnsted basic counteranions.?* 35 There, we re-
ported very rapid (at that time), non-mass transport limited
hydrogenolysis of hexadecane with TOF = 690 h-* at 150
°C/2.5 atm H2 pressure, and of pristine laboratory-synthe-
sized polyethylene under similar conditions, using a simple
magnetically stirred optically transparent glass pressure re-
actor. The catalyst was characterized by DRIFTS vibrational
spectroscopy, 1-D 'H MAS NMR spectroscopy, Zr
EAXFS/XANES, and DFT computation, consistent with an
electrophilic cation-like d° organozirconium center as de-
picted in Figure 1B. The relatively high hydrogenolysis ac-
tivity was attributed to the cationic/electrophilic nature of
the d° metal center, stabilized by the highly Brgnsted acidic
sulfated alumina, with the turnover-limiting C-C cleavage
step proceeding primarily via $-alkyl elimination.27.28,36,37
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Figure 1. Catalytic properties of single-site heterogeneous or-
gano-group IV catalysts A. Neutrally charged Zr hydrocarbyl
adsorbate on a weak Brgnsted acid surface??, B. AlS/Zr(alkyl)2
-derived cationic adsorbate on a very strong sulfated alumina
(AIS) Brgnsted acidic surface and their limitations, C. General-
ized AIS/M(alkyl)2 -derived cationic catalysts on sulfated alu-
mina (AlS; M = Ti, Zr, Hf), and advances reported in this work.
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The aforementioned results raise intriguing questions:
1) How does the Zr catalyst perform under more conven-
tional heterogeneous catalytic reactor conditions? Are there
changes in activity and selectivity? 2) How general are the
Zr catalytic trends vis-a-vis the other group 4 metals? What
are the significant differences? 3) Can DFT-level

computation account for observed trends in this group 4 se-
ries and what are the basis for these trends? 4) How trans-
ferable are the present catalytic results to the behavior of
various “real world” commercial polyolefins with typical
commercial additives? What are the similarities and differ-
ences?

Here we report the systematic chemisorption and char-
acterization of the group IV series MR4 where M = Ti, Hf and
R = neopentyl on sulfated alumina (Hammett acidity, Ho = -
14.6)38 to yield the corresponding SSHCs AlS/MNp: which
are characterized structurally by EXAFS/XANES, DRIFTS,
and 1-D/2-D multinuclear solid-state NMR spectroscopy. It
will be seen that that these supported organometallic spe-
cies yield AIS/M(R)H species (Figure 1C) upon treatment
with Hz, which catalyze the rapid, solventless hydrogenoly-
sis of polyethylenes, polyethylene-co-1-octenes, and isotac-
tic-polypropylene containing standard commercial addi-
tives under very mild conditions. With high speed magneti-
cally coupled stirring in a stainless-steel autoclave reactor,
it will be seen that AlS/ZrNp: catalyzes PE hydrogenolysis
with turnover frequencies as high as 36,300 mol (CHz units)
-mol (Zr)--h-! at 200°C/17 atm H: pressure with no evi-
dence of significant mass transfer limitations or coking. It
will also be seen that the corresponding AlS/HfNp: and
AlS/TiNp2 catalysts mediate polyolefin hydrogenolysis at
slightly lower rates than the AlS/ZrNp2 analogue and with
the marked catalyst thermal stability trend of Hf, Zr > Ti. Se-
lectivities to various hydrocarbon products are also found
to vary significantly with M and the substrate. Hydrogenol-
ysis rates and liquid product selectivity of highly viscous
post-consumer products can be increased by the addition of
surprisingly inert decalin as a solvent. Furthermore, energy
span DFT analysis successfully explains a number of the
otherwise counterintuitive but important observations and
maps out reaction coordinates in good agreement with ex-
periment.

Below, we first discuss the synthesis and SSNMR, EXAFS,
DRIFTS, and DFT characterization of the subject catalysts.
Then a comparison of the glass and autoclave reactor re-
sults is discussed, followed by, metal center and substrate
effects, and solvent effects on HDPE hydrogenolysis. Finally,
DFT analysis of the catalytic mechanism is presented, fol-
lowed by a discussion of polyolefin hydrogenolysis scope
and conclusions.

Results
Catalyst Synthesis and Structural Characterization
Chemisorption of MNp4 on AlS (Full details in the SI)

In a two-sided fritted reaction vessel, dry pentane was
condensed onto well-mixed quantities of 0.18 - 0.23 mmol
of the corresponding MNps+ compound and excess (1.000 g)
AlS. The resulting slurry was stirred at 25 °C for 1 h, and the
resulting solid adsorbate was collected by filtration. The
AlS/MNp: product was washed repeatedly with dry pen-
tane and dried in vacuo to yield a pale-yellow product for M
= Zr, and colorless/white products for M = Ti and Hf. The
catalysts were stored in sealed containers at room temper-
ature in an argon glovebox. The catalyst (AlS/MNpz2)
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loadings determined by ICP were 0.87 wt. % Ti, 1.40 wt. % responsible for the signals at §13c 82.9, 54.0, and 26.3 ppm
Zr, and 3.28 wt. % Hf, respectively. are less reactive towards Hz than the Hf-alkyl species. A
sharp signal at 813c 82.9 ppm is likely an aluminum alkoxy
species, given its minimal change in intensity on H: treat-
ment and literature assignments of the 13C chemical shift of
similar species.#? The signal at d13c 54.0 ppm was not as-
signed and is likely an unidentified alkoxy species. The sig-
nal at 813¢ 26.3 ppm is assigned to an Al-CHz moiety formed
upon chemisorption of HfNp4 on AlS. A similar signal was
observed previously for AlS/ZrNp2 and is likely attributa-
ble to a similar species.?728

The 13C{'H} frequency-switched Lee-Goldburg Hetero-

Catalyst Characterization - Solid-State NMR Spectros-
copy

The low-temperature (100 K) 'H MAS NMR spectrum of
AlS/HfNp2 reveals a sharp resonance at 81u 1.1 ppm, assign-
able to neopentyl ligand alkyl protons, and a broad reso-
nance at 81u 2.76 ppm assignable to Al-OH moieties (Figure
2A).3%40 Upon treatment of AlS/HfNp2 with Hz, the intensity
ofthe alkyl signal at 811 1.12 ppm falls appreciably and most
notably, while a new signal grows in at 611 19.20 ppm. The

latter signal is assignable to a Hf-H species, in agreement ) ;
with a previously reported Hf hydride supported on silica.*! nuclear Correlation (FSLG-HETCOR) spectrum*** provides

Note that these results parallel previous solid-state NMR further support for both H and **C assignments (Figure
measurments of AlS/ZrNpz and AlS/ZrRH, with the Zr-H oc- 2C). The signal at 813 99.6 ppm displays a cross-peak in the
curring at 81 11 ppm.27.28 The 13C{tH} CP-MAS NMR spec- H dimension at 8§11 0.8 ppm (note that the 'H chemical
trum of AIS/HfNp: (99% 3C- labeled at the neopentyl CHz) shifts. change signific?ntly at room temperature vs. 1OQK,
reveals further information, exhibiting signals at §13c 99.6, see Figure S1). The signal at 513'c 82.9 ppm correlates with
82.9, 54.0, and 26.3 ppm (Figure 2B, black line). Assign- a signal at 81n 3.8 ppm and is assigned to Al-O-CH:- carbons.
ment of the signal at 813c 99.6 ppm is straightforwardly This shiftin the 'H dimension agrees well with literature re-
made by noting its near-absence in the 13C spectrum of ports of similar moieties.*¢ The signal at 6 23.6 ppm is as-
AIS/HfRH (Figure 2B, red line); thus, it is assigned to a Hf- signed to Al-CHz- moieties and correlates with a signal at 81x
CHa group. While the 813c 99.6 ppm signal is largely absent 0.4 ppm, also in agreement with literature assignments of
from the 13C CPMAS spectrum after H; treatment, all other supported aluminum alkyls.#” To further bolster these as-
signals retain similar intensities, implying that species signments, rotational echo saturation pulse double

A B.

19.20
26.3

wo oo e
o o =
o o "]

Alkyl C-H

Al-O-CH,R
Al-CH,-Bu

|

30 20 10 0 -10 -20 -30 140 120 100 80 60 40 20 © -20 -

40 180 140 100 60 20 -20 -60
S 'H (ppm) 5 1°C (ppm) & °C (ppm)
D. H®_R E F.
1.0 Hf 1.0 - 1.0
09 { ° Data A 09 1 0.9
0.8 Best Fit 0.00 0.8 - 0.8
0.7 © 07 | 0.7 -
o 06 0.6 - 0.6 %
@ 05 R =Me | Et 0.5 - 0.5 ¥ >L
0 0.4 Lo BTN 0.4 - 0.4 - H
< 03 s 0.3 0.3 A 13¢-H
02{ . 0.2 - 0.2 - A (i
0.1 1, 47" + 0.1 4./ 01 4 1.9+0. AL
0.0 4 ‘ 47“ = 0.'7 A , 0.0 — 0.0 1 9. 0 1. ; : ‘
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Recoupling Time (ms) Recoupling Time (ms) Recoupling Time (ms)

Figure 2. A 'H Hahn-echo NMR spectra of AIS/HfNp: (black) and AIS/Hf(R)H (red), Overlay: 10x zoom, 100 K, 12.5 kHz MAS, 80 ps
echo delay, 3s recycle delay, 64 scans, 3.2 mm sapphire rotor, 400 MHz H. (*spinning sidebands) B. 13C{'H} cross-polarization
(CP)MAS NMR spectra of AlS/HfNp2 (black, 1024 scans) and AlS/Hf(R)H (red, 4096 scans), at room temperature, 20kHz MAS, 100
us contact time, 3 s recycle delay, 3.2 mm zirconia rotor, 150 MHz 13C. Intensity was normalized based on number of scans for each
spectrum. C. 13C{1H} FSLG-HETCOR spectrum of AIS/HfNp2 600 MHz 1H, 150 MHz 13C, 20 kHz MAS rate, at room temperature, 3.2
mm zirconia rotor 100 ps contact time, 3s recycle delay, internal traces shown for both dimensions. D tH{27Al} RESPDOR AIS/Hf(R)H
spectral dephasing curve for the Hf-H signal at § 'H 19.2 ppm, 400 MHz 1H, 104 MHz 27Al, recoupling steps of 160 us, 3s recycle delay,
12.5 kHz MAS, 100 K, 100 ps saturation pulse on 27Al at 200 W E. 1H{27Al} RESPDOR AIS/Hf(R)H dephasing curve for the signal at §
1H 0.8 ppm. 600 MHz 1H, 156 MHz 27Al, recoupling steps of 100 ps, 3s recycle delay, 40 kHz MAS, 298 K, 1.6 mm zirconia rotor. F.
13C{27Al} RESPDOR dephasing curve for AlS/HfNp2 400 MHz tH, 104 MHz 27Al, recoupling steps of 200 ps, 3s recycle delay, 100K, 3.2
mm sapphire rotor. A contact time of 125 ps for 1H-13C CP was used. Dephasing curves were fit with the INTERFACES program.
Dotted lines represent error range of fit dephasing curve with a 90% confidence interval.

resonance (RESPDOR)*® was used to measure the dipolar and 13C nuclei. Because the dipolar coupling strength for a
coupling between 27Al nuclei comprising the surface and 'H given set of nuclei is directly related to distance (o 1/r3),
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internuclear distances may be extracted from this measure-
ment. Thus, TH{?’Al} RESPDOR was used to estimate a H---Al
distance for the Hf-H proton of AIS/Hf(R)H, yielding 4.4 +
0.7 A (Figure 2D). This result compares favorably with the
DFT-computed average (inverse cube weighted average of
nearest 3 Al atoms; vide infra) distance of 4.1 A. A shorter
H--Al distance of 3.7 + 0.4 A is found for AlS/Zr(R)H, also
agreeing well with the DFT average of 3.9 A (Figure S2A).
The 'H{?’Al} RESPDOR dephasing curve for the alkyl signal
at 811 0.8 ppm yields a distance of 5.1 + 0.3 A, which agrees
extremely well with the DFT-derived average H---Al dis-
tance of 5.2 A (Figure 2E; vide infra). Analogously for
AlS/Zr(R)H, the signal at 611 0.9 ppm yields a RESPDOR dis-
tance of 4.9 + 0.5 A, comparing favorably with the DFT av-
erage of 5.3 A (Figure S2B). 13C{27Al} RESPDOR was also
utilized to strengthen the assignments made in the 13C
CPMAS NMR spectrum. The signal at §13c 26.3 ppm exhibits
an extremely steep dephasing curve, indicating strong dipo-
lar coupling between the 13C nuclei responsible for the sig-
nal and surface 27Al nuclei. These data yield an Al-C distance
of 1.9 + 0.1 A, implying that the carbon is bound directly to
Al (Figure 2F), again agreeing very well with the DFT com-
puted bond distance of 2.0 A (vide infra). These data are
strongly suggestive of a Hf alkyl-hydride species. Further
evidence for the existence of such a species is provided by
the similar AlS/Zr(R)H via back-to-back homonuclear single
quantum - double quantum correlation spectroscopy using
back-to-back (BABA) pulse scheme.* Here, a correlation
between the Zr-H and the Zr-alkyl protons are observed,
lending further credence to the presence of metal alkyl-hy-
drides (Figure S3). In-depth SSNMR characterization was
not carried out for AIS/TiNp: due to its lack of thermal sta-
bility.

Catalyst Characterization - EXAFS

The combination of EXAFS and DFT computation pro-
vides additional information about the chemical and elec-
tronic structure of AlS/HfNp: (Table 1). The Hf Li11 Edge
EXAFS (Figure 3B) results indicate that AIS/HfNp: is an ox-
ide-bound HfNp: cationic fragment with three Hf-O bonds
(average distance of ~2.10 A) and two longer Hf-C bonds
(average length of ~2.29 A; Table 1). The DFT-derived
model (vide infra) for AIS/HfNp2 shows three Hf-O bonds
with lengths 0f 2.09-2.18 A, whichisin good agreement with
the EXAFS data. In situ monitoring the EXAFS of AlS/HfNp2
under hydrogenolysis conditions over a 298 - 523 K tem-
perature range reveals gradual conversion to AlS/Hf(Np)H,
with a decrease in the number of Hf-C bonds from 2.0 to 1.0,
and a slight contraction of the average Hf-O bond length to
~2.09 A (Figure S4). This is consistent with the less encum-
bered hydride ligand replacing a bulky Np ligand. Further
H2 treatment at 250 °C has minimal effects indicating that
AIS/Hf(Np)H is stable under the present, hence catalytic
conditions. The DFT analysis (see more below) shows that
the three Hf-O bonds in AIS/Hf(R)H are slightly contracted
t0 2.06-2.20 A vs those in AlS/HfNpy, in agreement with the
EXAFS data. From XANES, the Hf L111 edge energy increases
upon forming the hydride complex compared to the

dineopentyl complex for both Hf and Zr. This is consistent
with the loss of an electron-donating branched alkyl group
during hydride formation. Also, the XANES Zr K-edge ener-
gies for AIS/ZrNp: (18.005 keV) and AlS/Zr(R)H (18.008
keV) lie in the range of cationic complexes vs. neutrally
charged t-BuzPhOZr(benzyl)s (17.998 keV) and Zr(benzyl)4
(17.999 keV).27.28

Table 1. Experimental XANES, EXAFS, and DFT-computed met-
rical data for supported organo-zirconium and hafnium cata-
lysts.

Catalyst Edge Bond { N | Average Bond Length
Energy | Type A
(Kev) EXAFS | DFT
9.558 Hf-0 | 3 | 2.10(2) 2.10
AlS/HfNp2
Hf-C | 2 | 229(2) 2.17
9.560 Hf-0 | 3 | 2.08(2) 2.12
AIS/HfRH
HE-C |1 {228(2) | 216
AIS/ZrNpza | 18.005 | Zr-0 | 3 | 2.26(2) | 2.21
Zr-C | 2 | 242(3) 2.17
18.008 | Zr-0 i 3 i 2.19(3) 2.15
AlS/ZrRHa
Zr-C |2 | 2.38(3) | 220

*Mason et al. ref. 27.28
Catalyst Characterization - DRIFTS

The DRIFTS spectrum (Figure 3C) of AIS/HfNp:2 con-
tains intense vc.u stretching modes in the characteristic
3000-2800 cm ! region, also seen in the AIS/ZrNp: spec-
trum.?”. 28 This signal decreases significantly and a new sig-
nal is observed at 1940 cm-! upon treatment with Hz at 150
°C/2.5 atm for 30 min, assigned to the va.u stretching mode.
The reduction of the vc-n modes supports a Hf-neopentylz —
AlS/Hf(alkyl)H conversion scenario.

Catalytic Reactivity Characterization
Scope of AIS/MNp2-mediated polyolefin hydrogenolysis

Previously, we reported that AIS/ZrNpz: is a highly effec-
tive precatalyst for pristine polyethylene homopolymer and
a-olefin-ethylene copolymer hydrogenolysis under mild
conditions of temperature and Hz pressure.?” 28 In this
study, we extend the scope to preconsumer commercially
relevant polyolefins with and without standard additives
and use more industrially relevant reaction methodology. In
the previous study, hydrogenolysis by AlS/ZrNp: was per-
formed in an optically transparent 350 mL glass reactor
heated by an oil bath. The reactants were stirred by a stand-
ard magnetic stir bar at 300 rpm. This setup was effective
for the hydrogenolysis of liquid hydrocarbons such as hex-
adecane and low-viscosity lab-synthesized polyolefins. Us-
ing the glass reactor afforded excellent activities for the
least viscous preconsumer 1-octene-ethylene copolymer
sourced from The Dow Chemical Company, PECO1 (melt in-
dex=1000 g - (10 min)1), providing a hydrogenolysis activ-
ity of 5350 (mol CHz units) - (mol Zr)-* - (h)-! (Table 2, Entry
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Figure 3. A. DFT-derived AlS/HfNpz2 structure. B. EXAFS pRDFs and fits of AIS/HfNp: at the Hf L111 edge. C. DRIFTS spectra of AlS

support, AlS/HfNpz, and AIS/Hf(R)H.

1). The more viscous PECO2 (melt index = 30 g - (10 min)-
1.and PECO3 (melt index = 3 g - (10 min)-!) undergo signif-
icantly diminished hydrogenolysis activities of 3320 and
772 (mol CHz units) - (mol Zr)! - (h)3, respectively (Table
2, Entries 2 & 3), likely reflecting stirring hindered by the
greater viscosity.

The issue of this mass transport/H: starvation effect in
the glass reactors was addressed by using a 25 mL Parr au-
toclave reactor with a PTFE liner and magnetically coupled
stirring, which was anticipated to address the stirring limi-
tations of the glass reactor for more viscous polymers. A
stirring rate of 1500 rpm was found to be optimal, with ac-
tivity plateauing at higher rates (Figure S6). For the auto-
clave reactions, the polyolefin hydrogenolysis products
were analyzed as follows: At the end of the reaction, stirring
is ceased, and the reactor is cooled to 25 °C via forced-air
cooling. The reactor is vented, with headspace samples be-
ing collected if needed, then opened. The stirring attach-
ment and PTFE liner containing the liquid and solid prod-
ucts are removed and weighed. The solids and liquids are
washed from the liner and vacuum filtered through a filter
paper using dichloromethane as the solvent (DCM). DCM in-
soluble solids collected on the filter paper are dried and
weighed, with the mass corrected for the amount of catalyst
used. Mass unaccounted for by the solids and liquids are as-
sumed to be volatiles released during venting. Further anal-
ysis of the products can be performed via high-temperature

GPC for the solids, GC/MS for the liquids, and GC/FID for
volatiles (Figures $7-S12). The combined mass of the vola-
tile and DCM-soluble product fractions as a percentage of
the initial polyolefin mass is used to estimate the percent
conversion reported. This may be a slight underestimate of
actual polymer conversion, as the solid fractions produced
in the autoclave are waxes with a somewhat lower molecu-
lar mass than the starting polymer. Although the autoclave
Hz pressure was increased to compensate for the smaller re-
actor volume, this is not expected to greatly affect the rate
based on previous kinetic measurements.?’-28 In summary,
the Parr reactor is found to provide a roughly 10-fold in-
crease in activity for all polyolefin substrates (Table 2, En-
tries 4- 6).

Comparative Activity/Thermal Stability Trends

Catalytic polyolefin hydrogenolysis experiments with
AlS/TiNp2, AlS/ZrNpz, and AlS/HfNp2 were performed over
a temperature range to determine the relative hydrogenol-
ysis activities. The polymer used initially was the 1-octene-
ethylene copolymer PECO1, which has the highest melt flow
index of the analyzed polymers, to ensure that higher tem-
peratures did not result in greater activity simply due to
more extensive viscosity reduction/ease of mixing. All cata-
lysts are active for hydrogenolysis at 150 °C, under which
conditions the activity trend is Zr >> Hf > Ti (Table 3, En-
tries 1, 3, and 5). All three catalysts produce high ratios of
liquid : volatile products at 150 °C. The Zr and Hf catalysts

Table 2. PE hydrogenolysis data for glass and stainless steel autoclave reactors with AlS/ZrNp2-derived catalystsa

Entry  Polymer PE Melt Flow Reactor  Reaction Catalystloading  Product Distribution Activitye
Sample Index® Type Time (min) 7y mol %) (solid%, liquid%, volatile%)

1 PECO1 1000 Glass 15 0.063 148, 67.7, 175 5350

2 PECO2 30 Glass 25 0.064 9.7, 8.6, 81.7 3320

3 PECO3 3 Glass 120 0.054 8.2, 25.1, 66.7 772

4 PECO1 1000 Parr 20 0.006 24.0, 57.2, 188 35500

5 PECO2 30 Parr 20 0.006 22,6, 663, 111 36300

6 PECO3 3 Parr 60 0.012 1.4, 48.5, 50.1 7930

aReaction conditions: 200 °C, 1.0 g polyethylene (Glass reactor, 300 rpm), (Parr reactor, PEC01&2, 1900 rpm; PEC03, 400 rpm).
bUnits in g - (10 min)-L. cActivity units in (mol CHz units) - (mol Zr)-1 - (h)-1
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Table 3. Temperature-dependent polyolefin hydrogenolysis data for AIS/MNp2-derived catalystsa

Entry Catalyst Metal Temperature Reaction Catalyst loading Product Distribution Activityb
Center Y] Time (min) (M mol %) (solid%, liquid%, volatile%)

1 Ti 150 120 0.012 37.6, 527, 9.6 2450

2 Ti 200 120 0.012 52.6, 401, 7.2 1900

3 Zr 150 40 0.006 10.1, 74.5, 154 21600
4 Zr 200 20 0.006 24.0, 57.2, 188 35500

5 Hf 150 60 0.012 9.1, 72.6, 182 7000

6 Hf 200 30 0.012 125, 764, 111 13500

aReaction conditions: neat substrate, 1.0 g PECO1 polymer, Parr reactor, 17 atm Hz, 1500 rpm PActivity units: (mol CHz equiv. of

volatiles + liquids) - (mol M)-1 - (h)!

both afford over 70% conversion by mass to liquid hydro-
carbons. On raising the reaction temperature to 200 °C, the
activity of the Zr and Hf catalysts continues to increase (Ta-
ble 3, Entries 4 & 6) while the activity of the Ti catalyst falls
(Table 3, Entry 2), suggesting deactivation due to thermal
degradation. Liquid product selectivity falls for the Zr cata-
lystat 200 °C but remains >70% for the Hf catalyst. For both
the Zr and Hf catalysts, the hydrogenolysis activity declines
on increasing temperature from 200 to 250 °C, suggesting
thermal degradation begins in this range. Therefore, the rel-
ative AIS/MNpz-derived catalyst thermal stability trend un-
der the present PE hydrogenolysis conditions is approxi-
mately Hf = Zr > Ti. This trend follows the approximate ther-
mal stability trend reported for the corresponding less sta-
ble MNps precursors.>® Furthermore, pristine TiNpas is
known to reach 50% decomposition in 13 h at 60 °C,
whereas the supported ogano-Ti catalyst may be stored at
room temperature for over a month with no significant de-
crease in catalytic activity. That the AlS/MNp2 complexes
exhibit greater thermal stability than their MNp4precursors
is not uncommon for SSHCs?3-26, and presumably reflects
both immobilization/binding to the surface and cationic
charge which may impede thermolytic intramolecular C-H
activation processes.

Polyolefin microstructure and additive effects on
AlS/MNp:z-mediated hydrogenolysis

The commercially available consumer 1-octene-eth-
ylene copolymer (PECO) samples used in the present cata-
lytic hydrogenolysis experiments varied in molecular mass
and comonomer content, and some also contained varying
amounts of proprietary additive packages, which typically
include antioxidants, plasticizers, and flame retardants,
among other substances.>! A commercial isotactic polypro-
pylene (i-PP) was also surveyed. Under identical hydrogen-
olysis reaction conditions, the different polymer types af-
ford distinct product distributions, as shown in Table 4.
AlIS/HfNp2 is capable of efficient hydrogenolysis of post-
consumer polyethylene homopolymers and a-olefin copol-
ymers, such as bottle caps (Table 4, Entry 1) and a HDPE
milk jug (Table 4, Entry 3), although the rates are some-
what lower than that of other polymers despite higher re-
action temperatures, partially due to the molten jug sample
clinging to the reactor stirring shaft. HDPE milk jug results
were improved by altering the stirring rate to 300 rpm for

the first 25% of the reaction time, followed by 1000 rpm for
the remainder. This catalyst s also competent for mediating
the hydrogenolysis of isotactic polypropylene (Table 4, En-
try 5), although at a somewhat lower rate than the pre-con-
sumer PECOs, possibly reflecting steric hindrance about the
C-C bond.

AlS/ZrNpz2 is also competent to hydrogenolyze the post-
consumer a-olefin copolymers (bottle caps and HDPE milk
jug) and isotactic polypropylene (Table 4, Entries 2, 4, and
6). The PE bottle cap hydrogenolysis activity is lower for the
Zr catalyst than the Hf catalyst. i-PP and HDPE milk jug ac-
tivities are approximately twice that of the Hf catalyst, in
contrast to the preconsumer 1-octene-ethylene copolymer
PECO1 for which the AlS/ZrNp:-catalyzed activity was ap-
proximately 170% greater than that of the Hf catalyst (Ta-
ble 3, Entries 3-6). This may reflect persisting mass trans-
fer issues for the highly viscous post-consumer polymers or
differences in resistance to additive effects.

Regarding possible inhibitory effects of polyolefin addi-
tives on the hydrogenolysis, experiments were performed
with a PECO2 a-olefin copolymer having the additives first
removed via an accepted sonication/extraction protocol.>2
Note that the catalytic results for AlIS/HfNp: are indistin-
guishable from those with an as-received PECO2 additive-
containing sample, indicating that the present additives
have at most a minor effect on the catalytic process under
these conditions (Table 4, Entries 7 & 8). Conversely, the
PECO2 sample with additives removed was mildly more ac-
tive for hydrogenolysis by the AlS/ZrNp: catalyst (Table 4,
Entries 9 & 10). Though AIS/ZrNpz2 is capable of full con-
version of the additive containing a-olefin copolymer with
low catalyst loadings and mild conditions, these results sug-
gest inhibition by the additives for this catalyst. The hydro-
genolysis of other additive containing PECO samples by
AlS/HfNp2 show similar activities but distinct product ra-
tios (Table 4, Entries 11, 12, and 13) which presumably
reflect differences in polyolefin molecular masses and
comonomer content.

Some post-consumer polyolefins having high melt vis-
cosities, especially high-density polyethylene (HDPE)
sourced from a commercial milk jug, proved to be especially
challenging, despite the enhanced stirring offered by the
Parr reactor. The diminished hydrogenolysis rates likely
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Table 4. Catalytic polyolefin hydrogenolysis data over AIS/MNp: as a function of polymer type2

Entry  Catalyst Polymer Sample Temperature Reaction Catalystloading Product Distribution Activityb

Metal QY] Time (M mol %) (solid%, liquid%, vola-

Center (min) tile%)
1 Hf PE Bottle Cap 200 60 0.012 26.5, 17.3, 56.2, 5340
2 Zr PE Bottle Cap 200 30 0.006 85.7, 3.6, 10.7, 4460
3 Hf HDPE Milk Jugf 200 120 0.036 7.3, 0, 92.7, 1210
4 Zr HDPE Milk Jugf 200 60 0.018 66.7, 0, 33.3, 2120
5 Hf i-PP 200 60 0.012 25.5, 59.7, 14.7, 5560
6 Zr i-PP 200 30 0.006 68.0, 243, 7.7, 10200
7 Hf PECO2 150 60 0.012 32, 642, 326, 7500
8 Hf PECO2c 150 60 0.012 2.9, 68.0, 29.1, 7530
9 Zr PECO2 150 40 0.006 16.1, 69.1, 1438, 19700
10 Zr PECO2c¢ 150 40 0.006 1.3, 655, 33.2, 22900
11 Hf PECO1 150 60 0.012 9.1, 72.6, 18.2, 7000
12 Hf PECO44 150 60 0.012 11, 624, 36.5, 7600
13 Hf PECOS5e 150 60 0.012 2.0, 480, 40.0, 7580

aGeneral reaction conditions: neat substrate, 25mL Parr reactor, 17 ATM Hz, 1500 rpm. bActivity units: (mol CHz equiv. of volatiles +
liquids) - (mol Hf)-! - (h)-1.cAdditive-free PECO2. d Melt index = 3. ¢ Melt index = 5. (HDPE milk jug reaction conditions: neat substrate,
25mL Parr reactor, 17 ATM Hz, 300 rpm for first 25% of reaction time, 1000 rpm for remainder.

reflect poor contact and mass transport between catalyst
and viscous polymer. To address this issue, a solvent was
added to the reaction mixture to moderate the overall melt
viscosity by promoting polymer chain disentanglement, al-
lowing better contact with the catalyst.53

Dry decalin was employed as the reaction solvent as it
was found to be surprisingly inert towards hydrogenolysis
over AlS/ZrNp2. Addition of small quantities of decalin en-
hance the activity by up to 2.5-fold and improve liquid se-
lectivity, which is slightly underestimated due to solvent
condensation in the reactor head (see SI). Addition of 0.25
g decalin/g HDPE gave the highest activity of 3298 (mol CHz
units) - (mol Zr)-1 - (h)! (Figure 4). Notably, the products of
reactions involving decalin included liquid hydrocarbons,
which were not observed after HDPE milk jug reactions un-
der neat reaction conditions (Table 4, Entries 3 & 4). Hy-
drogenolysis rates slow at high decalin contents, possibly
reflecting polymer dilution and/or competitive inhibition.

m Activity W Solids m DCM Ex. W Volatiles
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Figure 4. Solvent-assisted HDPE hydrogenolysis. Conditions:
1.0 g HDPE, 0.09 g Zr cat. (0.018% mol Zr loading) 200 °C / 17
atm Hz / 90 min / 25 mL Parr Reactor / 1500 rpm. Activity
units: (mol CHz equiv. of volatiles + liquids) - (mol Hf)-1 - (h)-1.

Discussion

The present group IV AIS/MNp: catalysts were prepared
by chemisorbing the corresponding MNp4 precursors onto
AlS, which had been partially dehydroxylated at 550 °C
under flowing O2. Low temperature 'H MAS NMR spectra of
AlS/HfNp2 reveal signals at &iu 2.9 and 1.1 ppm (Figure
2A), much like those of the 'H MAS NMR spectrum of
AlS/ZrNp2.27 28 Additionally, 13C{*H} CP-MAS NMR reveals
both Hf-CHz- and Al-CH:- signals, like that seen for the Zr
analogue (Figure 2B). While chemisorption via Hf-C bond
protonolysis is a potential pathway for formation of
AlS/HfNp2 (Figure 5A), the presence of Al-CHz- signals sug-
gests that there is an additional pathway.

Np, o NP R o H
\@/ H, Np, @ H @/ A
OH OH pentane Hf N_pH> \Hf/ i» \Hf (A)
' 0" Sin o oNpH o
-2NpH 9 000 000
+HiNp, _|
Pa R = C3Hg, CoHs, etc.
o
N
A0S A0 pentane N g NP Np @ H ReH (B)
o e Ne M HC np RH HE
e 0@00 l -NpH~ 0,00 “NpH 0,00 |
[ e L)
Alo, ==y AlO, AIO,

Figure 5. Plausible pathways for HfNps4 chemisorption and
hydrogenolysis. A. Hf-C protolyis and Hf-C hydrogenolysis. B.
Hf-C protolyis, Np transfer to the surface, and Hf-C
hydrogenolysis.

Alkide transfer has been proposed in the past for the
chemisorption of similar organo-group IV species on sul-
fated metal oxides.5* 55 In this case, a neopentyl ligand
would be protonolyzed from HfNps to produce a HfNps spe-
cies which would then further react with surface function-
alities (e.g., undergo the aforementioned alkide transfer)
produce a HfNp2* species (Figure 5B). The large decrease
in the Hf-CHz- signal intensity in the 13C{*H} CP-MAS NMR
of AIS/HfNp: after Hz treatment suggests that if both species
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are present in similar quantities; they likely have very sim-
ilar, if not identical reactivity (Figures 5A and 5B).

After treating AlS/HfNp. with H: to form AIS/Hf(R)H, a
new signal at §1n 19.2 ppm in the low temperature 'H MAS
NMR spectrum becomes visible (Figure 2A). The concomi-
tant decrease in the alkyl C-H resonances at 81u 1.1 ppm
suggests that a Hf-H is responsible for this new signal. This
is supported by the EXAFS data, with the apparent coordi-
nation number dropping from 5 to 4 (Figure 3B; Table 1),
suggesting replacement of one ligand with a hydride. The
change in Hf K-edge energy follows the same trend as the Zr
analogue before and after Hz treatment.?! Specifically, the
increase in K-edge energy after Hz treatment implies a
lower electron density about the metal, which agrees well
with the proposed Hf alkyl-hydride structure. The alkyl R is
likely a remaining neopentyl group in the precatalyst, which
is rapidly hydrogenolyzed upon the addition of heat and ex-
cess hydrogen. Note that the 3C{*H} FSLG-HETCOR NMR
spectrum (Figure 2C), as well as the 1H{?7Al} RESPDOR and
13C{?7Al} RESPDOR NMR structural and geometrical data
are in good accord with those derived from EXAFS and DFT
computation (vide infra).
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Figure 6. A. Plausible mechanism for polyolefin hydrogenoly-
sis catalyzed by AlS/HfH2. B. Comparative computed energy
profiles for cation-like AIS/HfH2 (blue) vs neutrally charged
(MeO)2HfH2 (red) -catalyzed n-dodecane hydrogenolysis.

In order to gain deeper insight into the reaction mecha-
nism of polyolefin hydrogenolysis, with a particular focus
on the role of the group IV metal center and acidic sup-
port/ligand effects, the energy profile was computed using

n-dodecane as a model substrate (Figure 6). Thus, in the
first step, the supported hafnium hydride (AlS/HfHz; INT1)
reacts with the polyolefin (n-dodecane) via a concerted
four-membered cyclic transition state (TS1), during which
an Hz molecule is eliminated, and a Hf-alkyl bond is formed
yielding INT2 (Figure 6A, step i). This step has a 19.2
kcal/mol barrier (TS1) and is exergonic by -5.6 kcal/mol
(Figure 6B). Note that the analogous step for the formally
neutral (MeO):HfH: catalyst is endergonic by 8.7 kcal/mol
and has a barrier of 33.0 kcal/mo], significantly greater than
the corresponding AIS/HfH; catalyst (Figure 6B). Next,
similarly to previously proposed mechanisms involving an
AlS/Zr metal center,?” 28 a (-alkyl transfer step can occur,
yielding INT3, which still has an olefin (propene) coordi-
nated to the Hf center (Figure 6A, step ii). This step is en-
dergonic by 13.3 kcal/mol, has a barrier of 29.9 kcal/mol
(TS2), and is the rate-determining (3-alkyl transfer step of
the catalytic process (Figure 6B). The presence of the coor-
dinated olefin in INT3 explains why, in most of the polyole-
fin hydrogenolysis products, a slight incorporation of
branching is observed by NMR since, in principle, the Hf-al-
kyl fragment in INT3 can undergo olefin reinsertion. Note
that the energetic barrier (TS2) in the cationic Hf complex
is lower by 16.5 kcal/mol compared to the formally neutral
(MeO)2HfHz2 catalyst (Figure 6B), highlighting once more
the importance of the super acidic support/ligand in the ca-
talysis. Next, the olefin can dissociate from the metal center
yielding INT4 (Figure 6A, step iii), which can then undergo
a slightly exergonic (-0.4 kcal/mol) alkyl hydrogenolysis
step to regenerate catalyst INT 1 and produce a shorter al-
kane (nonane) (Figure 6A, step iv). This step has a barrier
of 15 kcal/mol (TS3) and is once again significantly lower
versus the formally neutrally charged Hf catalyst (Figure
6B). Finally, the previously produced olefin (propene) is hy-
drogenated to propane in a strongly exergonic step (-22.3
kcal/mol), making the overall process energetically favora-
ble (Figure 6B). Note that the overall computed energetic
span of the supported cationic AlS/HfNp.- derived catalyst
is higher by 3.8 kcal/mol than that of the analogous
AlS/ZrNp2-derived catalyst, in good agreement with the ob-
served slightly slower reaction rates.

Catalytic hydrogenolysis activity and selectivity trends

The trend in polyolefin hydrogenolysis activity is overall
Zr > Hf > Ti. The activity differences between the Zr and Hf
catalysts are consistent with the respective energy barriers
of the DFT computed mechanism. The barrier of the rate-
determining B-alkyl transfer step is computed to be 29.9
kcal/mol for AIS/HfNp: and 26.1 kcal/mol for AlS/ZrNp2
(Figure 6B).27:28 AIS/ZrNp, AlS/TiNpz, and AlS/HfNp2 are
capable of hydrogenolyzing additive-containing PECO, and
the additive present in the tested samples appears to have
little effect on the activity for AIS/ZrNp2z and no effect for
AlS/HfNp2. Both AlS/ZrNp2 and AlS/HfNp: are capable of
high liquid hydrocarbon product selectivity, up to 74.5% at
150 °C for AlIS/ZrNp2 and 76.4% at 200 °C for AIS/HfNpo.
The product distribution is dependent on temperature, re-
action time, and the substrate. The substrate effect on selec-
tivity can be explained by the variable level of branching in
the copolymer samples tested.

Post-consumer polyolefin bottle caps and milk jugs can
be rapidly hydrogenolyzed by the present catalysts under
solventless conditions, although rates are significantly
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slower than the pre-consumer polymers, an effect seen
more strongly for the AlS/ZrNp: than the AlS/HfNp2. This
lower activity is partially due to the extremely high viscos-
ity of these samples, which cling to the reactor stirring shaft
resulting in poor contact with the catalyst. Beginning the re-
action with a slower stirring rate allows more rapid hydro-
genolysis of these resistant polyolefins (Figure 4; Table 4,
Entry 4). The addition of small amounts of decalin as a sol-
vent, which is surprisingly inert to these catalysts, results in
a more significant increase to the hydrogenolysis rate for
postconsumer HDPE.

The approximate catalyst thermal stability trend scales
as Hf = Zr > Ti, with the Hf and Zr catalysts showing similar
decreases in activity when increasing reaction tempera-
tures from 200 to 250 °C. The increased stability of the cat-
alyst compared to the molecular precursors can be at-
tributed to the stabilizing effect of the support.

Conclusions

Two new electrophilic group IV complexes, AIS/TiNp:
and AlS/HfNp2, were prepared by chemisorption of the cor-
responding MNps precursor onto highly Brgnsted acidic
sulfated alumina and are compared to the previously pre-
pared AlS/ZrNp: congener. The structure of the Hf catalyst,
supported by EXAFS, XANES, ICP, DRIFTS and SSNMR meas-
urements, is in good agreement with the DFT-derived struc-
ture and is structurally/reactivity-wise similar to, not iden-
tical to, the AlIS/ZrNp: analogue. Such loosely coordinated
cationic d° species undergo facile catalytic B-alkyl elimina-
tion which, when coupled with rapid four-center Hf-C/H-
C/H-H o-bond metathesis processes effect rapid hydrogen-
olysis of diverse polyolefins. In autoclave reactions with ef-
ficient stirring, the AIS/ZrNpz-derived catalyst provides up
to 10-fold greater polyethylene hydrogenolysis rates versus
reactions in a glass reactor using a magnetic stir bar. These
catalysts are capable of efficient hydrogenolysis of a variety
of pre- and post- consumer plastics in the presence of stand-
ard additives, which have no significant effect on the reac-
tion for AIS/HfNp2 and only a mild effect for AIS/ZrNp-.
While most pre- and post- consumer plastics can be hydro-
genolyzed under neat conditions, the addition of decalin as
a solvent can alter the product distribution and significantly
enhance the reactivity of challenging substrates such as
HDPE milk jugs. The relative activity trend is approximately
Zr >> Hf > Ti, which is consistent with the relative DFT com-
puted energy barriers. The AIS/MNp2 thermal stability
trend is Hf = Zr > Ti, which is consistent with the approxi-
mate thermal stability of the MNp4 precursors.>® The en-
ergy span DFT analysis implicates pB-alkyl elimination as the
turnover-limiting C-C scission step which is particularly fac-
ile in these cationic d° complexes, but not so in the formally
neutrally charged analogues.

Experimental

All procedures for air- and moisture-sensitive compounds
were carried out with rigorous exclusion of Oz and moisture
in flame- or oven-dried Schlenk-type glassware interfaced
to a high-vacuum (10-5-10-¢ Torr) line or in an argon-filled
M-Braun glovebox with a high capacity recirculator (<1
ppm O2). Argon used on high-vacuum lines (Airgas, UHP-
grade) was purified by passage through MnO/vermiculite
and activated Davidson 4 A molecular sieve columns. All

solvents were dispensed from activated alumina/CuO col-
umns prior to use. n-pentane (Sigma) was further purified
by drying over Na/K alloy followed by passage through a fi-
berglass filter in an argon glovebox. Aluminum oxide was
purchased from Nanostructured and Amorphous Materials
(gamma, nanopowder 20-30 nm). Sulfuric acid (98%) was
purchased from Fisher. Oxygen (UHP grade) used for calci-
nation was purchased from Airgas and used without further
purification. Deuterium (Sigma) and hydrogen (Airgas,
UHP) were purified by passage through an oxygen/ mois-
ture trap (Matheson, model MTRP-0042-XX). Zirconium(IV)
chloride, hafnium(IV) chloride, titanium(IV) chloride, and
neopentylmagnesium chloride (1.0 M solution in Et20)
were purchased from Sigma and used without further puri-
fication. Tetrakis(neopentyl)zirconium, tetrakis(neopen-
tyDhafnium, and tetrakis(neopentyl)titanium (MNp4) were
synthesized according to a modification of a literature pro-
cedure.>® In a typical synthesis, neopentlymagnesium chlo-
ride (4.4 mmol) was added dropwise to a suspension of
MCls (1.0 mmol) in ether at =78 °C. The mixture was allowed
to stir for 2h, slowly warmed to room temperature, then
stirred for an additional 2h at room temperature. The sol-
vent was removed in vacuo, and the resulting solids were
extracted with pentane. The pentane filtrate was isolated,
and the solvent was removed in vacuo to yield colorless sol-
ids. The crude products were purified by sublimation at 70
°Cand ~10-¢ Torr. All MNp4 products were colorless micro-
crystalline solids. Polymers were placed under high vacuum
for 18h before use in the hydrogenolysis reactions.

Physical and analytical measurements

Inductively coupled plasma (ICP) analysis was performed
by Galbraith Laboratories Inc., Knoxville, TN, USA. Diffuse
reflectance infrared spectroscopy (DRIFTS) measurements
were taken under Ar on a Thermo 6700 infrared spectrom-
eter equipped with a Harrick Praying Mantis DRIFTS attach-
ment. ZnSe windows were used for the DRIFTS cell. Anhy-
drous KBr with an Ar glovebox atmosphere in the cell was
used as a background.

NMR Spectroscopy

Solid state NMR measurements were obtained at DOE Ames
National Laboratory with either a Bruker Avance III system
equipped with a 1.6 mm or 3.2 mm probe (600 MHz 'H), or
a Bruker Avance III system equipped with a low-tempera-
ture 3.2 mm DNP probe (400 MHz 'H). A 3s recycle delay
was used for all experiments unless otherwise stated. H
(600 MHz) MAS Hahn-echo experiments performed at room
temperature utilized a 1.6 mm probe with 40 kHz MAS with
a 90° excitation pulse on 'H at 100 kHz radiofrequency (RF)
power. An echo delay of 4 rotor periods (100 ps) was used
to minimize probe background signal. 13C{*H} CP-MAS (600
MHz 1H, 150 MHz 13C) spectra were taken at room temper-
ature with a 3.2 mm Varian triple resonance probe with 100
us contact time and 100 kHz RF power on 'H and a 20 kHz
MAS rate. CP-MAS experiments were optimized on a sam-
ple-by sample basis to satisfy the Hartmann-Hahn condition
during CP. 'H{2Al} RESPDOR (600 MHz 'H, 156 MHz 2’Al)
experiments were taken at room temperature on a Varian
1.6 mm probe at 40 kHz MAS with a 90° excitation pulse on
1H at 100kHz RF and SR412 recoupling with recoupling steps
of 100 ps. A saturation pulse of 30us at 60W was applied on
27Al. 1H (400 MHz) MAS Hahn-Echo experiments performed
at 100K utilized a 3.2 mm Bruker DNP probe at 12.5 kHz
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MAS, a 90° excitation pulse at 100kHz RF with an 80 ps echo
delay. Variable-temperature 'H NMR experiments utilized
the same parameters. 13C{27Al} RESPDOR (100 MHz 13C, 104
MHz 27Al) was performed at 100K on a 3.2 mm Bruker DNP
probe at 10 kHz MAS with 13C{*H} CP used to excite 13C and
SFAM recoupling with recoupling steps of 200 ps. A 75 us
saturation pulse was applied on the 27Al channel at 200W. A
REDOR box was utilized so that the X-channel could serve
to excite both 27Al and 13C (from www.nmr-service.de).

X-ray absorption spectroscopy

X-ray absorption near edge structure (XANES) and ex-
tended X-ray absorption fine structure (EXAFS) measure-
ments at Zr K-edge (17,998 eV) and Hf L -edge were per-
formed at the 5 BM-D beamline of the DND-CAT at the Ad-
vanced Photon Source. A double Si (111) monochromator
was used for energy selection with an energy resolution of
AE/E=1.4x10"* The X-ray energy was calibrated using
metallic reference foils. The incident X-ray intensity was
measured by a spectroscopy-grade ionization chamber
(FMB-0xford) filled with 600 He/100 N2 (Torr) and was de-
tuned to 60% of its maximum for harmonic rejection. EXAFS
spectra were collected in fluorescence mode using a passiv-
ated implanted planar silicon (PIPS) detector (Canberra).
The sample and the detector were positioned 45° and 90°,
respectively, to the X-ray beam direction. Energy scans
were executed from 250 eV below to 550 eV above the ab-
sorption edges, which produces the EXAFS spectra. The cat-
alysts, AlS/ZrNp2 (1.4 wt% Zr) and AlS/HfNp: (3.28 wt% Hf),
were pressed into sample holders for the EXAFS measure-
ments. The samples were sealed airtight in a THMS600
Linkam cell inside the glove box, which was pressured with
ultrapure Ar gas. Positive Ar pressure was maintained
throughout the measurement. After measuring the
AlS/HfNp2 sample, in-situ catalyst hydrogenolysis was car-
ried out by flowing Hz gas with a flow rate of 50 sccm at
room temperature with EXAFS data collected every 15 min
for 2 h until no further changes were observed. This was fol-
lowed by heating the sample to 150 °C with continued
H: flow. Data were collected every 15 min for up to 2 h. fi-
nally, the sample for further heated to 250 °C for 2 hours.
No changes were observed after this step of the treatment.
There was a change in the structure during the hydrogenol-
ysis reaction at room temperature and at elevated temper-
atures of 150 °C and 250 °C. Additionally, an ex situ sample
was prepared by heating the sample to 150 °C for 30 min
under 2.5 atm Hz pressure in a glass reactor to test the func-
tioning of the in-situ setup. XANES data extraction, normal-
ization, and background subtraction was performed using
Demeter:Athena. EXAFS data analysis was carried out using
the software Demeter:Artemis. The bond lengths (R) and
coordination number (N) were obtained by a least-square
fitin the R-space of the nearest neighbors using kz-weighted
Fourier transform fitting parameter.

Computational details

DFT-based simulations were performed with the/Quick-
step package, using a hybrid Gaussian and plane wave
method. A double-quality DZVP Gaussian basis set was em-
ployed for the Al and Hf atoms, and a triple-quality TZVP
Gaussian basis set was employed for all the other atoms.
The Goedecker-Teter-Hutter pseudopotentials46 and a
400 Ry plane wave cutoff were used to expand the densities
obtained with the Perdew-Burke-Ernzerhof (PBE)
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exchange-correlation density functional, and vdW forces
are taken into account with the Grimme D3 Method. Only
the gamma point was considered in a supercell approach.
Periodic boundary conditions are applied in all directions of
space. Molecular graphics were produced by the
CHEMCRAFT graphical package. Enthalpic and entropic
contributions along the reaction pathway were evaluated
by performing the frequency calculation of the molecular
species at 298.15 K and 1 atm as implemented in the ORCA
software. In this context, adsorbed catalysts were modeled
by simple molecular species, and only the entropic contri-
bution related to vibrational motion is considered. ORCA
calculations were performed at the level of the B3LYP-D3/
ZORA-def2-TZVP (for C and H atoms) and SARC-ZORA-
TZVP (for Hf). The enthalpic and entropic contributions
were then “appended” to the SCF energy profile to obtain
the Gibbs free energy profile.
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