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f polyolefins on platinum catalysts
control product distribution in plastics recycling†

Mehdi Zare,a Pavel A. Kots,a Stavros Caratzoulas*a and Dionisios G. Vlachos *ab

The design of catalysts for the chemical recycling of plastic waste will benefit greatly from an intimate

knowledge of the interfacial polymer–catalyst interactions that determine reactant and product

distributions. Here, we investigate backbone chain length, side chain length, and concentration effects

on the density and conformation of polyethylene surrogates at the interface with Pt(111) and relate them

to experimental product distributions resulting from carbon–carbon bond cleavage. Using replica-

exchange molecular dynamics simulations, we characterize the polymer conformations at the interface

by the distributions of trains, loops, and tails and their first moments. We find that the preponderance of

short chains, in the range of 20 carbon atoms, lies entirely on the Pt surface, whereas longer chains

exhibit much broader distributions of conformational features. Remarkably, the average length of trains is

independent of the chain length but can be tuned via the polymer–surface interaction. Branching

profoundly impacts the conformations of long chains at the interface as the distributions of trains

become less dispersed and more structured, localized around short trains, with the immediate

implication of a wider carbon product distribution upon C–C bond cleavage. The degree of localization

increases with the number and size of the side chains. Long chains can adsorb from the melt onto the Pt

surface even in melt mixtures containing shorter polymer chains at high concentrations. We confirm

experimentally key computational findings and demonstrate that blends may provide a strategy to

reduce the selectivity for undesired light gases.
Introduction

Global plastic production has increased exponentially over the
last few decades and reached over 400 Mt in 2017 (290 Mt of
plastic waste every year).1 In 2016, 65% of the plastic waste was
incinerated or landlled and only 17% was recycled (16%
mechanically and <1% chemically).2 Mechanical recycling
decreases the quality of the product (downcycling) and also
requires efficient collection to obtain a homogeneous plastic
stream. In contrast, chemical recycling/upcycling can be
applied to a wide range of plastics, relieves the pressure on the
collection infrastructure, and can yield diverse nal products
(upcycling).3–5 For these reasons, catalytic chemical decon-
struction has garnered signicant attention toward a circular
f Delaware, 221 Academy Street, Newark,
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economy (keeping plastic in the economy and out of the
environment).1,6–12

A main shortcoming and opportunity in the chemical
recovery of plastic waste is that its commercialization requires
new technologies based on heterogeneous catalysts.13 To expe-
dite technological developments, it is critical to understand
catalyst–plastic interfacial phenomena at the molecular level
under reaction conditions. Polyolens make up a major part of
the plastic waste stream and chemical recovery entails catalytic
clipping of their backbone; naturally, the product distribution
and value depend on the position and number of C–C bonds
being cleaved. In other words, the product distribution is
determined by the conformation of the polymer on the catalyst.

In this work, we employ replica-exchange molecular dynamics
(REMD)14–17 and the multi-state Bennett acceptance ratio (MBAR)18

method to sample the conformational space of polymer melts in
the adsorbed layer over metal surfaces. We hypothesize that the
product carbon distributions obtained experimentally from
various feedstocks (low-density polyethylene, LDPE; high-density
polyethylene, HDPE; polypropylene, PP; etc.), catalysts and reactor
residence times are related to the conformations of the adsorbed
polymer chains. We study polymer chain length effects by simu-
lating pure C20, C26, C44, C71 and C142 surrogates of PE melts, and
concentration effects by simulating C142 : C20 mixtures of varying
concentrations over Pt(111) at 473 K. We assess and discuss how
© 2023 The Author(s). Published by the Royal Society of Chemistry
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short-chain polymers forming via C–C bond cleavage impact the
nal product carbon distribution. In addition, we investigate
branching effects on the polymer at the catalyst–polymer interface
by simulating the C71 PE melt backbone branched with methyl,
ethyl, and propyl groups. Finally, we discuss the simulation results
in the context of our own and previously reported experimental
product distributions.
Computational details

Molecular dynamics (MD) simulations were performed using
a LAMMPS molecular dynamics simulator.19 Using the supercell
approach, a clean Pt(111) surface was represented by a 12 × 14
slab for short-chain polyethylene (PE) melt simulations (C20, C26,
and C44) and by a 15× 17 slab for long-chain PEmelt simulations
(C71, C144, mixtures of C20 and C142, and C71 branchedmelts). The
respective simulation boxes comprise 672 and 1020 Pt atoms. The
smaller of the two simulation boxes (used for short-chain melts)
has dimensions of 33.24 Å × 33.59 Å × 60.00 Å; the larger of the
two (used for long-chain melts) has dimensions of 41.55 Å ×

40.79 Å × 75.00 Å. The experimental PE melt density20 of ∼0.7 g
cm−3 at 473 K in the middle of the box, which represents bulk PE,
was xed by packing the simulation boxes with the PE chains (see
Table S1† for the number of chains used in the simulations). The
dimensions of the simulation boxes along the catalyst surface
normal were selected so that the PE melt layer will be at least 3
times as large as the equilibrium root-mean-square radius-of-
gyration (Rg) of the PE chains in the bulk21 (see Table S2† for Rg
of different PEs calculated in the bulk). The PE melts are exposed
to the catalyst surface on one side and vacuum on the other side
along the surface normal. All metal atoms were kept xed during
the simulations. The PE melts were initially built using the Mol-
template program package22 with the OPLS-AA force eld23,24 for
PE interactions. The Pt–PE interactions were represented by
a Lennard–Jones Pt potential.25 The LJ cross-term of the inter-
molecular parameters were calculated by the geometric mixing
rules, sij ¼ ffiffiffiffiffiffiffiffi

sisj
p and 3ij ¼ ffiffiffiffiffiffiffi

3i3j
p . Simulations were carried out in

the canonical ensemble (NVT) with the Nosé–Hoover thermo-
stat.26,27 Electrostatic interactions were accounted for by using

a particle–particle particle–mesh (PPPM) method.28 A 12 Å cutoff
radius was used for the van-der-Waals interactions and the tran-
sition between short- and long-range electrostatic interactions.

All systems were simulated in three stages. First, the bulk PE
melt was equilibrated for 1 ns in the NPT ensemble, followed by
a 25 ns NVT ensemble simulation. Next, the equilibrated PE
melt was brought to the catalyst surface and the entire system
was equilibrated for 25 ns in the NVT ensemble. Finally, the
systems were equilibrated for 5 ns using replica-exchange
molecular dynamics (REMD) and data were collected for
another 10 ns using 9 replicas. Details of the REMD procedures
can be found elsewhere.14–17 The swap between replicas was
tried every 10 ps and the snapshots were recorded for each
replica every 5 ps. In order to prevent possible dri or rotation
of atoms by the temperature corrections, a momentum dri
correction was applied every 50 ps.

In the REMD simulations, replicas were selected to obtain
a ∼20% acceptance probability of swap moves (Pacc) between
© 2023 The Author(s). Published by the Royal Society of Chemistry
adjacent replicas, which ensures a free random walk in the
temperature space (see Table S3† for temperatures and Pacc
obtained aer each simulation).15,29 For example, the time series
of replica exchange simulation at 473 K, time series of
temperature exchange and the total potential energy of the rst
replica, for the C26 melt over Pt(111) are provided in Fig. S1,†
indicating a free random walk in the replica and temperature
space, respectively. To achieve the optimal temperature distri-
bution that ensures equal Pacc, we used the methodology
proposed by Rathore et al.30 We used the multi-state Bennet
acceptance ratio (MBAR) estimator,18 implemented in the
pymbar program package, to obtain unbiased statistical distri-
butions and averages.
Experimental methods

The Pt/Al2O3 catalyst was prepared as follows. Pural SB
boehmite (provided by Sasol) was calcined in air at 600 °C to
convert it to g-alumina. A required amount of [Pt(NH3)4](NO3)2
(Sigma-Aldrich) was dissolved in DI water (1.5 g) and added to
the Al2O3 support at 70 °C. The mixture was stirred with a glass
rod for 2 h and then dried overnight at 100 °C in an oven.
Subsequently, the sample was heated in pure He at 400 °C for
4 h (ramp rate 2 °C min−1) and then in 20% H2/He at 300 °C for
2 h.

The solid polymer (PE, Mw ∼4 kDa, Mn ∼1.7 kDa, Sigma-
Aldrich) or a mixture of PE and icosane (TCI) was mixed with
a freshly reduced catalyst and loaded in a high-pressure
stainless-steel Parr reactor with a Teon magnetic stir bar
without a liner. The reactor was sealed, purged with H2 ve
times, and then pressurized with 30 bar H2. Then, the reactor
was heated on a hot plate using a band heater for 5 h at 300 °C
(ramp rate 10 °C min−1) with magnetic stirring, starting at 110 °
C, at 500 rpm setpoint. The reaction temperature was set higher
than the simulation temperature. At 300 °C, the adsorbed
hydrocarbons react over the Pt surface, allowing us to elucidate
how the product distribution is inuenced by the binding mode
of the polymer or shorter alkane. We focused on low reaction
times to form only primary reaction products and avoid exten-
sive secondary hydrogenolysis typical of Pt catalysts.

Aer the reaction, the reactor was quenched with cold water
and ice to 5–6 °C. The gas from the headspace was extracted to
a 1 L Tedlar gas bag. The liquid and residual solid in the reactor
were mixed with dichloromethane (DCM) solvent (Fisher
Scientic) and 20 mg of octacosane (TCI) standard dissolved in
DCM. Then the liquid and solid were separated using a What-
man 100 mm lter. The gaseous products were analyzed using
a GC-FID with a CP-plot Q 30 m column. Gas standards were
used for FID calibration and retention times. The liquid was
analyzed on a GC-FID with an HP-1 30 m column using a stan-
dard alkane solution for FID calibration. The residual solid was
measured gravimetrically. The carbon yield is dened as:

Carbon yield of ith product ¼ Cat of ith product

Initial amount of Cat

;

where Cat is the moles of carbon atoms. PE and C20 conversions
were dened as:
Chem. Sci., 2023, 14, 1966–1977 | 1967
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PE conversion ¼ weight of residual solid

weight of initial PE
;

C20 conversion ¼ mol of residual C20

initial mol of C20

:

When PE was mixed with C20, all residual C20 was extracted
with excess DCM and analyzed on a GC-FID using an octacosane
standard. The residual undissolved C20 content in the solid
residue was below 5 wt%.
Fig. 2 Density distributions as a function of the distance from the
Pt(111) surface for pure PE surrogates. The inset shows the zoom in
region from 2 to 5 Å from the surface.
Results and discussion
Analysis of REMD simulations

We used the standard denitions of trains, tails, and loops to
analyze the conformations of PE chains on the surface.31,32 An
illustration of these conformational features is given in Fig. 1:
contiguous backbone carbon atoms on the surface dene
a train; two successive trains are connected by a loop, whose
carbon atoms do not lie on the surface; and a tail succeeds
a train that is not followed by another one. The length of a train,
tail, or loop is dened by the number of C–C bonds. These
features enable us to statistically predict which and how many
C–C bonds lie at the surface and in turn infer the probability of
C–C bond cleavage at some position in the chain and thus relate
the conformation of the polymer at the catalyst surface to the
product distribution. In our analysis, the thickness of the
adsorbed layer was dened by the minimum at ∼5 Å in the
density distribution along the surface normal, as shown in
Fig. 2. The sharp peak at 3.2 Å indicates a region of higher-than-
bulk density on account of the strong Pt–alkane interactions
compared with the competing alkane–alkane interactions. It is
evident from r(z) and the signicant vestigial structure up to
about 14 Å that the surface induces a long-range order in the
polymer melt; farther away from the surface, the density
approaches the bulk value for alkanes at 473 K (∼0.7 g cm−3).
Chain length effects

To investigate the dependence of the structural properties of
surface adsorbed chains on the length of the PE chain, we
simulated C20, C26, C44, C71, and C142 melts at 473 K over the
Pt(111) surface. Train size, ltrain, probabilities are plotted in
Fig. 3. For short chains (C20 and C26), the train distributions
Fig. 1 Schematic representation of trains (blue), tails (red), and loops (g
defined using the density distribution in Fig. 2.

1968 | Chem. Sci., 2023, 14, 1966–1977
have a signicant structure in the sense that they are peaked at
ltrain equal to the size of the chain, namely, the probability of
short chains lying entirely on the surface is high. This was also
reported by Daoulas et al.21 in a study of the PE melt over
graphite and was attributed to the enthalpy gains from full-
length adsorption countering the severe entropic penalty asso-
ciated with constraints on chain propagation in a direction
normal to the surface. We should note that the preponderance
of chains preferably adsorb with their ends as shown in Fig. S2†
where we plot the probability of a chain atom to be leading
a train for polymer chains of varying lengths. The distribution
in ltrain becomes less structured and more dispersed with
increasing chain size. This is also evident from the cumulative
distributions plotted in Fig. 3b. For the C71 chain, we calculated
probability values of 0.70 for ltrain # 23 and 0.22 for 28# ltrain #
37. For the longer C142 chain, we nd a large probability of 0.42
for ltrain # 18 but also an equally large probability of 0.49 for
longer length trains, 20 # ltrain # 35. Despite these differences,
the average length of trains, l�train z 20, seems to be weakly
dependent on the size of the adsorbed chain (see Fig. 4a),
a behavior also predicted by the Scheutjens–Fleer lattice theory
of polymer adsorption33,34 in the limit of zero solvent concen-
tration. l�tail increases monotonically with increasing chain
length, also predicted by the Scheutjens–Fleer lattice theory and
reen). The thickness of the adsorbed layer was set to 5 Å, which was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 a) Train size probabilities and (b) corresponding cumulative distributions for pure PEmelts over Pt(111) at 473 K. Probability of a train length
is defined as the fraction of that train among all trains formed.
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reported in simulations of the PE melt over a graphite
surface.21,33,34 Consistently, l�loop z 0 for short-chain alkanes,
while a plateau value of a l�loopz 20 is reached for longer chains.

It is instructive to consider the fraction of C–C bonds that
belong to trains, tails, and loops (ftrain, ftail, and floop); these are
shown in Fig. 4b. Most C–C bonds of the adsorbed chains
belong to trains for C20 (ftrain = 0.87) and C26 (ftrain = 0.73) since
the chain statistically prefers to be entirely on the surface.
Increasing the chain length to C44 decreases the dominance of
trains sharply, albeit less so for longer chains. Furthermore,
most of the C–C bonds of long-chain PE melts belong to tails,
but this dominance reaches a plateau for very long chains. We
note that the Scheutjens–Fleer lattice theory in the limit of very
long chains predicts ftail = 2/3, since in polymer adsorption
from the melt (i.e., in the limit of zero solvent concentration),
nearly two tails are present per molecule, and the remaining 1/3,
middle segment of the chain consists of trains and loops. Our
simulations show ftail = 0.74 ± 0.03 for the longest chain (C142)
studied here, which agrees qualitatively with the lattice theory.

In Fig. 5, we show the results from the conformational
analysis of ltrain = 20 trains for the C71 and C142 chains. In
Fig. 5a and b, we plot the average distance of train carbon atoms
Fig. 4 (a) Average length of trains, tails and loops in number of carbons
tails, or loops as a function of the chain length at 473 K. Error bars repre

© 2023 The Author(s). Published by the Royal Society of Chemistry
from the surface for C71 and C142, respectively. With the
exception of the two train terminal carbon atoms which interact
with the fragments of the polymer chain in the melt, all train
carbons are within ∼3.3 Å of the Pt surface, indicating that, on
average, the trains lie at on the surface. In Fig. 5c and d, we
plot the distribution of the torsion angle, 4, about the 5th, 10th
and 15th bonds of the ltrain = 20 train for C71 and C142,
respectively. For comparison, we also plot the distribution of all
torsion angles of the chains in the melt; clearly, the prepon-
derance of conformations is gauche or anti, 4z ±70° or ±180°,
respectively. The middle of a train, the 10th bond, is primarily
in an anti conformation, 4 z ±180°, whereas the two anking
segments, about the 5th and 15th bonds, exhibit greater
conformational diversity as we see eclipsed, 4 z 0°, as well as
anti conformations. Gauche conformations seem to be rather
disfavored and we believe this is because the strong attractive
interactions with the metal surface force the polymer to lie at,
presumably overcoming the slightly unfavorable intramolecular
interactions which, in the gas phase, are typically relieved by
assuming the gauche conformation. The distributions are
remarkably similar across chain lengths and this makes intui-
tive sense.
and (b) fraction of C–C bonds of adsorbed chains belonging to trains,
sent one standard deviation.

Chem. Sci., 2023, 14, 1966–1977 | 1969
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Fig. 5 (a) and (b) Average distance of carbons in a train length of 20 from the Pt(111) surface for the C71 and C142 melts, respectively. (c) and (d)
Distribution of the torsion angle about the 5th, 10th and 15th bonds of the train for the C71 and C142 melts, respectively.
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To investigate the dependence of the results on the Pt
potential, we decreased its strength by 50% and reported the
data in Fig. S3.†We see similar trends in the average length and
fraction of C–C bonds as the chain length increases. However,
the longer l�train for the weaker potential seems counterintuitive.
In this context, we calculated the carbon population up to 6 Å
from the surface (see Table S4 and Fig. S4†). We see that the
carbon population decreases when the Pt potential becomes
weaker. We argue that l�train is controlled by the interplay
between the surface–alkane and alkane–alkane (lateral) inter-
actions on the surface in that weaker surface–alkane interac-
tions depress the carbon population on the surface and that, in
turn, result in longer trains because there is less lateral repul-
sion from molecules on the surface. These results underscore
that product distributions can be controlled by tuning the
surface–polymer interactions.
Mixture effects

In practice, the chemical conversion of plastics in a reactor
involves a mixture of polymer chains of varying sizes. In addi-
tion, the concentration of short chains varies with time as C–C
bonds keep breaking at the catalyst surface, which further
inuences the adsorption of the unreacted polymer and thereby
the nal product distribution in a batch reactor. To understand
how the adsorption geometry of long chains is inuenced by
1970 | Chem. Sci., 2023, 14, 1966–1977
shorter ones, we simulated C142 : C20 binary mixtures contain-
ing 27, 50 and 73 wt% of C20. In Fig. 6a and b, we show the
corresponding conditional probabilities of train lengths of
a given chain identity (belonging either to C20 or to C142).
Clearly, by having more of C20 in the mixture raises the proba-
bility of its full-length adsorption (ltrain = 19).

The average train length (l�trainz 20), shown in Fig. 7a, seems
to be insensitive to the C20 concentration. Interestingly, the
average loop length as a function of C20 concentration is at
(l�loop z 20) up to 27 wt% C20, goes through a maximum (l�loop z
50) at 50 wt% and drops to a value of ∼5 at 73 wt% C20. This
trend can be explained by the rather broad peak at lloopz 110 in
the conditional distribution corresponding to 50 wt% C20, as
shown in Fig. 6c. We argue that at low C20 concentration
(27 wt%), the surface is less covered by C20 molecules, which
allows more C142 segments on the surface and thus a larger
number of short loops should form in C142 (see Fig. 7c). Such
conformations, however, are inhibited by the increased pres-
ence of C20 molecules at the surface at medium C20 concen-
tration (50 wt%), resulting in fewer yet longer loops (lloop z
100). At even higher C20 concentration (73%), the surface is
highly covered in C20 and thus the simultaneous adsorption of
both ends of C142 is inhibited, resulting in conformations
without loops. l�tail decreases almost linearly with increasing C20

concentration in the mixture.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Conditional probability of the length of the trains in (a) C20 chains and (b) C142 chains. (c) Conditional probability of the length of the loops
in C142 for C142 : C20 mixtures of varying concentrations over Pt(111) at 473 K. Adsorbed C20 chains do not form loops.

Fig. 7 Effects of C20 concentration in binary mixtures of C20 and C142 over Pt(111) at 473 K on (a) the average length of trains, tails and loops of
both C20 and C142 in the mixture combined, and (b) the fraction of C–C bonds belonging to trains, tails and loops. (c) Cartoons of representative
conformations of the C142 chain on Pt(111) for C142 : C20 mixtures of varying C20 concentrations. Error bars represent one standard deviation.

© 2023 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2023, 14, 1966–1977 | 1971
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Fig. 8 Mixture effects on (a) the density distributions of the C20 and C142 PEmelts, and (b) the carbon concentrations of C20 and C142 within layers
of same volume and thickness Dz at different positions along the surface normal of Pt(111) at 473 K. (c) C20 concentration in the adsorbed layer
(within 5 Å of the surface) in different mixtures, indicating that the C142 PE chains can still adsorb and be cleaved, even at high C20 concentrations.
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Fig. 7b presents the fraction ftrain for mixtures. It is mono-
tonically increasing with the C20 concentration, giving addi-
tional evidence of favorable adsorption of C20. The increase in
ftail at 73 wt% C20 is attributed to the absence of loops at high
C20 concentration since the surface is mostly covered in C20.
Also, the maximum in floop at 50 wt% is aligned with the
formation of longer loops observed in Fig. 6c and 7c. Fig. 8
Fig. 9 Density profiles of a binarymixture of C20 and C142 with 50wt% C2

potential showing long chain segregations by decreasing the Pt potentia

1972 | Chem. Sci., 2023, 14, 1966–1977
presents the density distribution and carbon concentration of
the mixtures at different positions along the surface normal.
The carbon concentration in the adsorbed layer seems to be
independent of the C20 concentration and almost the same as in
the bulk. This highlights that long chains can reach the surface
and be cleaved/converted even at high concentrations of shorter
chains. This agrees with experimental ndings by Celik et al.10
0 for a (a) regular, (b) 50%weaker, (c) 75%weaker, and (d) 90%weaker Pt
l strength.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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for PE upcycling over a Pt/SrTiO3 catalyst and the observed
decrease in dispersity (Đ = Mw/Mn) with increasing reaction
time, suggesting the preferential adsorption and cleavage of
longer chains. On the other hand, favorable adsorption and
cleavage of lighter molecules would result in increasing Đ with
time as the lighter chains undergo hydrogenolysis to even
shorter chains. The decreasing Đ with reaction time was also
observed in a previous study of ours investigating isotactic
polypropylene (i-PP) hydrogenolysis over Ru/TiO2.7 These
observations also show that C–C bond breaking in a very poly-
disperse polymer leads to a narrower distribution due to
consumption of heavier chains.

A reviewer of our manuscript brought to our attention that,
in polymer blends, segregation of one of the components to the
surface is possible. Yethiraj et al.35 have studied the behavior
near a noninteracting solid surface of a binary blend with one
component being stiffer than the other. They suggested that, at
melt-like densities, the stiff chains accumulate at the surface
more than the exible ones do. It has been suggested36 that the
observed segregation37,38 is caused by differences in packing and
that the surface segregation is a strong function of the relative
polymer–polymer and polymer–surface interactions; due to
entropic connement, long chains near weakly attractive
surfaces prefer to diffuse away but strong polymer–surface
attractive interactions can compensate for the entropic cost. We
Fig. 10 Dependence of (a) train size distributions, (b) loop size distributio
bonds in trains, tails or loops on the number of methyl side chains in the

© 2023 The Author(s). Published by the Royal Society of Chemistry
have investigated this behavior for our system and in Fig. 9 we
plot density proles for the 50 : 50 wt% C20 : C142 binary mixture
for four cases: the “full” Pt–polymer potential (Fig. 9a) and three
potentials in which the Pt–polymer interactions are progres-
sively reduced by 50, 75 and 90% (Fig. 9b, c and d, respectively).
Under the full-strength potential, there is no difference between
the long and short chains in terms of their preferential segre-
gation at the surface (Fig. 9a). The progressive weakening of the
surface–polymer potential, however, seems to affect both the
C20 and C142 chains, in the sense that the density peaks at z < 5 Å
become more diffuse and less intense, but more so the former.
This is an intriguing deviation from Yethiraj36 and warrants
further investigation in future work.

Branching effects

Commercial polyethylene, such as HDPE and LDPE, is
a branched molecule endowed with different properties from
linear alkanes. To study the effects of branching on the polymer
backbone, we considered the C71 alkane and introduced 7 or 13
methyl, ethyl, propyl groups in the backbone; the branches were
equally spaced along the chain. From the train and loop size
distributions shown in Fig. 10a and b and specically the sharp
peaks at small ltrain and lloop values, we conclude that branching
promotes polymer bending around branched carbons and that
shorter trains and loops form on increasing the number of
ns, (c) average length of trains, tails, and loops, and (d) fraction of C–C
C71 backbone. Error bars represent one standard deviation.
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branches. As a result, as shown in Fig. 10d, the fraction of C–C
bonds in trains and loops increases, and the fraction of those in
tails drops. Also, l�train and l�loop do not vary when we add 7
methyl branches, but they are distributed with sharp peaks at
the branching points (see Fig. 10a and b). However, l�train and
l�loop decrease when we add 13 methyl branches. l�tail decreases
independently of the number of branches because the number
of loops and trains increases. In summary, we argue that the
favorable bending of the polymer around branched points can
lead to a wider product distribution since different segments of
the polymer can adsorb on the surface and be susceptible to C–
Fig. 11 Dependence of (a) train size distributions, (b) loop size distributio
and (e) fraction of C–C bonds in trains, tails, or loops on the length o
deviation.

1974 | Chem. Sci., 2023, 14, 1966–1977
C scissions at different positions. This agrees with previous
experimental work in which hydrocracking of different poly-
olen feedstocks over Pt/WO3/ZrO2 mixed with HY zeolite
resulted in a wider product distribution of PP compared to PE
feedstocks.6

Fig. 11 displays the effect of the side chain length on the
structural properties of the C71 PE melt over the Pt(111) surface.
Introducing the methyl branches in the C71 backbone forms
more trains (short or long; see Fig. 11a and e) and loops (short
or long; see Fig. 11b and e), so thereby shorter tails (see
Fig. 11d). Replacingmethyl side chains with ethyl groups results
ns, (c) tail size distributions, (d) average length of trains, tails, and loops,
f side chains in the C71 backbone. Error bars represent one standard

© 2023 The Author(s). Published by the Royal Society of Chemistry
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in longer tails (new peak at ltail = 60 in Fig. 11c), shorter trains
(larger peaks at ltrain = 9 and 18 in Fig. 11b), and hence longer
loops (large peak at lloop = 25 in Fig. 11b). Increasing the side
chain length from ethyl to propyl results in formation of more
loops of shorter length (peaks shi to the le in Fig. 11b), more
yet shorter trains (large peak at ltrain= 9 in Fig. 11a), and thereby
fewer tails of shorter size (see Fig. 11d). In summary, the longer
the side chain, the more the loops and trains, and the fewer the
tails, whose lengths are determined by the interactions between
the side chains and the polymer bulk at the interface with the
adsorbed layer. However, the effect for the small side chains
studied is slight.
Experimental results on the effect of C20 in polyethylene
decomposition over Pt

The polymer binding to the metal surface affects the C–C bond
hydrogenolysis. To further elaborate on this point, we per-
formed experiments with pure PE over Pt/Al2O3 catalysts at high
Pt loading (6.4 wt%). This catalyst is active in PE hydrogenolysis,
giving a broad distribution of liquid products and some light
gases.10 High Pt loading ensures the formation of relatively large
particles, making experimental results more relatable to the
modeling. Pure PE converts to a broad distribution of C1–C35 n-
alkanes, at 16% conversion in 5 h (Fig. 12). The relatively high
yields of light C1–C5 products are consistent with previous
reports.10 When amixture of PE and C20 reacts over Pt/Al2O3, the
Fig. 12 Carbon yield as a function of the product carbon number for
liquid and gaseous products formed from pure PE (a) and PE mixed
with C20 n-alkane in a 67 : 33 wt% proportion (b). Reaction conditions:
300 °C, 30 bar H2, 5 h reaction time, 6.4% Pt/Al2O3 0.1 g, 2 g PE or
1.32 g PE mixed with 0.67 g C20.

© 2023 The Author(s). Published by the Royal Society of Chemistry
product distribution changes: the proportion of C1–C4

decreases while that of C11–C19 and of heavy C21+ increases. The
conversion of PE and C20 reached 19 and 38%, respectively,
from which we infer that additional C11–C19 products form via
C–C bond breaking in C20 rather than in PE. Therefore, PE and
C20 have comparable reactivities, each generating its own set of
products, albeit with some overlap. This is consistent with the
MD predictions that PE and the shorter molecules do not
mutually exclude each other from the Pt surface, and that the
PE/C20 ratio in the adsorbed layer is similar to that in the bulk.

Interestingly, the addition of C20 reduces the yield of light
gases. The latter probably originate from secondary hydro-
genolysis of longer initial intermediates, as shown in recent
work regarding ruthenium.8 C20 substitutes part of PE on the Pt
surface, reducing secondary PE hydrogenolysis products.
Indeed, this explanation agrees with experiments (Fig. 12) and
the MD simulations, which show that C20 dramatically changes
the conformation of adsorbed PE. According to the simulations
(Fig. 6 and 7), short alkanes cause longer PE loops. Long trains
appear to be a prerequisite for deep hydrogenolysis to C1–C4

products, while long loops and tails limit the reactivity to liquid
C10+. This selectivity-altering approach is an intriguing way to
generate more valuable (liquid) products from PE and avoid
light gases.

Conclusions

In this work, we have employed replica-exchange molecular
dynamics simulations to characterize the conformational
spaces of C20, C26, C44, C71, and C142 pure melts and C142 : C20

binary mixtures of varying concentrations at the interface with
Pt(111) by the distributions of trains, loops, and tails and their
rst moments. Our analysis shows that the preponderance of
short chains, in the range of 20 carbon atoms, lies entirely on
the Pt surface as the enthalpic gains seem to outweigh the
entropic gains associated with propagation of the chains in the
direction normal to the surface. On the other hand, longer
chains exhibit much broader distributions of all three confor-
mational features. Remarkably, the average length of trains
seems to be quite independent of the size of the alkane chain.
Branching has a profound effect on the conformations of long
chains at the interface as the favorable bending of the polymer
around branched points at the surface results in train distri-
butions that are less dispersed and more structured, and
localized around short-trains, with the immediate implication
of a wider carbon product distribution upon C–C bond cleavage.
The degree of localization increases with the number and size of
the side chains. Long chains can adsorb from the melt onto the
Pt surface even in melt mixtures containing shorter polymer
chains at high concentrations. This was further conrmed by
experiments which showed comparable reactivity of PE and the
C20 alkane. Computational results of a binary mixture of C142

and C20 with various concentrations reveal that both long and
short chains can adsorb on the Pt catalyst surface for C–C
scission even at high concentrations of the short chains. This
observation is in line with the very high dispersity (Đ) of reac-
tion products derived from PE over Pt/Al2O3 in prior work.10
Chem. Sci., 2023, 14, 1966–1977 | 1975
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Also, C20 addition alters the conformation of C142 on the
surface, which in turn impacts reactivity. This agrees qualita-
tively with the formation of fewer light products (C1–C4 alkanes)
when PE is mixed with C20 in the experiments, and may provide
a new strategy to minimize light gases by minimizing the
accessible catalyst sites. The interaction of the polymer with the
surface also alters the train size, with weaker interactions
leading to longer trains, and can similarly be leveraged to tune
the product distribution. The quantitative relation between the
structural properties of polymer chains on the surface and the
experimental product distribution remains the subject of future
work.
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