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ABSTRACT: Ring-opening polymerization (ROP) enthalpy AH®®® is an important w  Jolymermodelsize L 3
thermodynamic property controlling the polymerization of cyclic monomers. While AH®? 20

can be measured, computing AH" for realistic polymer systems with an error of ~5—10 kJ/ of RANG-OPENING ENTHALPY

CALCULATIONS

mol is critical for designing new monomer systems for depolymerizable polymers. We have -20
developed a first-principles computational scheme in which multiple challenges in computing
AH®? are resolved definitively including extensive exploration of conformational states and
adequately addressing finite size effects. This scheme is validated on a diverse benchmark set of
42 ROP polymers for which reliable experimental values of AH®O" are available. For this set,
the AH®®? root—mean—square error is ~7 kJ/mol, about 3-times smaller than conventional -100
approaches. This development opens up new pathways to build up a high-quality database of  _;5
AHRP for downstream predictive machine-learning models and ultimately to accelerate the
design of depolymerizable polymers with desired properties.
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Polymers appear in every corner of the world. From daily when T < T, a critical value defined as the ceiling

packaging materials to essential constituents of high-tech temperature.19 Below T, polymerization is favored, while
equipment, materials from this class are profoundly impacting above T, thermodynamics favors depolymerization. At
our lives.”” The superior chemical and thermodynamic ambient temperatures and below, and for most conventional
stability of polymers, for example, plastics, make them ROP involving small cyclic monomers (about six-membered
extremely difficult to recycle when they reach their end-of- and below), the driving force for ROP is the ring strain. If ring
life. About 75% of postconsumer-waste plastics, or roughly 27 strain increases, the ROP enthalpy AH®" becomes more
million tons, ended up in the environment in 2018.” Plastics negative, and the monomers will more easily polymerize.””*'
pollution has thus become a global challenge."™"* While AH®" can be measured experimentally, computing
Among many methods adopted to recycle polymers that AHROT at a reliable level of accuracy for realistic situations has
have reached their end-oflife, an effective approach is to hitherto remained a challenge, hence impeding our ultimate
transform (or depolymerize) the polymer waste back to objective of designing depolymerizable polymers with desired
monomers before purifying and repolymerizing them.*"" This T, and other properties.
chemical recycling to monomer method is preferable when By definition, AHRO? is the difference between the energies
other conventional methods, for example, mechanical of the products, that is, polymers, and the reactants, that is,

recycling, can no longer be used. This method also has
inherent advantages to mechanical recycling since materials

with the exact same properties can be regenerated (traditional level in computing AH®" for realistic situations is nontrivial.
recycling frequently leads to polymer chain degradation with The impression of simplicity may come from the only

deteriorated mechanical properties). A fundamental challenge procedure that has been adopted to-date to model ROP in
of this chemical recycling method is that not all polymers can

be (efficiently) depolymerized. One class of polymers, that is,
those created by opening cyclic monomers, stands out because

monomers, in a polymerization reaction. While this picture
may look straightforward and simple, reaching a predictive

the scientific literature.”>~>” In this approach, cyclic monomers
are opened, and the two dangling bonds are saturated by two

b - orinciole. devol able. 3~ 15 Theref h suitable end groups derived from neutral molecular initiators,
t_ €y are, In principle, depolymerizable. AT eretore, such a for example, methanol CH;—OH or methanethiol CH;—SH,
ring-opening polymerization (ROP) process is a timely topic of

research and development in the context of sustainabil-
. 813-17 Received: April S, 2022

ity.
The thermodynamics of polymerization is described by the Accepted:  May 19, 2022

Gibbs free energy AG = AH — TAS, where T is the
temperature, while AH and AS are the polymerization
enthalpy and entropy, respectively.'® For the polymers of
interest here, both AH and AS are negative; thus, AG < 0
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so that the reactions are isodesmic, that is, the numbers and
types of bonds are conserved. Then the ground-state atomic
configurations of the monomer, the “polymer”, that is, the ring-
opened capped monomer, and the initiator molecule, are
guessed and optimized using first-principles computations. The
energies of those species are then used to estimate AH". Key
assumptions here are (i) each of the species involved can be
described by a single atomic configuration, even at nonzero
temperatures, and (ii) the capped ring-opened monomer is a
good representation of the polymer. This simplified approach
leads to an error of at least 20.0 kJ/mol in the AH*°" regime
between —20 and 0 kJ/mol, which is critical for designing
depolymerizable polymers. Therefore, it, at best, can only be
used for a qualitative understanding but not for guiding
experiments.

In this work, we have developed a robust, quantitative, and
high-fidelity scheme to compute AH®", which significantly
surpasses past works. In short, the new scheme involves
designing realistic extrapolative models of monomers and
polymers, starting from which the configuration spaces are
extensively sampled using density functional theory (DFT)***’
computations. The scheme is demonstrated for a diverse
benchmark set of 42 ROP polymers for which reliable
experimental AH®O® values are available, covering multiple
chemistries, including cycloalkanes, methyl cycloalkanes,
cycloalkenes, ethers, lactams, lactones, thiolactones, polyur-
ethanes, and others. The obtained error of AH*" predictions
(relative to experiments) is ~7 kJ/mol-of-monomer across the
benchmark set, about 3-times smaller than previously adopted
approaches. We note here that the chemical accuracy
corresponds to an error of about 5 kJ/mol. This new
development opens up pathways (i) to quantitatively estimate
AHROP to guide new chemistry choices for ROP, (ii) to extract
chemical guidelines on features that control AH®, (iii) to
build a high-quality uniform AH®" database for downstream
machine-learning model development to instantaneously
predict AH®® for new ROP chemistries, and (iv) to accelerate
the design of depolymerizable polymers with suitable T, and
other desired properties.

Ring-opening polymerization, as illustrated in Figure 1, is a
process during which the (cationic, anionic, or radical)
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Figure 1. Scheme of a (chain-growth) anionic ring-opening
polymerization, in which the anionic group at the end of an initiator
or a polymer chain “opens” cyclic monomers and adds them to the
chain.

terminal end group of an initiator or a polymer chain
“opens” a cyclic monomer and adds it to the chain.’® In this
process, AH*" is a thermodynamic measure of how easy it is
to open the rings so that they can be polymerized. A distinctive
feature of ROP is the ring strain, largely governed by the ring
size, side-chain functional groups, and heteroatoms, which
offer critical additional degrees of freedom to control AH®F,
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The general trend is that highly strained (small-size) rings are
easier to open and polymerization is more favorable.
Reported experimental data of AH*O" are highly scattered in
the scientific literature, and collecting them is extremely
laborious. A carefully curated set of 42 ROP cases, summarized
in Figure 2 (detailed information can be found in the
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Figure 2. Summary of the experimental data of AH"P used to

demonstrate the scheme. For each polymer class, a range of AHY"
and number of data points are given in a colored bar and a numbers
on the right, respectively.

Supporting Information), was used to validate the computa-
tional scheme developed here. Monomers in this benchmark
set were categorized into 9 series including cycloalkanes,
cycloalkenes, methyl cycloalkanes, ethers, polyurethanes,
lactams, lactones, thiolactones, and others. Data for one of
these series, that is, thiolactones, were recently produced by
us.”" Although the regime of AH®" with small magnitude is
interesting for the goal of designing depolymerizable polymers,
for example, thiolactones, the very wide range of AHFC? values,
as shown in Figure 2, and the diversity in the chemistry of
these series would be a stringent test for our computational
scheme.

Figure 2 shows that AH"® for many common ROP
reactions is in the range between —20 and 0 kJ/mol. These are
very small energy values, considering that 1 kcal/mol, or ~5
kJ/mol, is designated as “chemical accuracy”. Quantitatively
predicting such a tiny energy value across diverse chemical
spaces is extremely difficult, and it remains a longstanding
challenge for computations.”” ** In the context of AHR
computations, ab initio methods like DFT*** and beyond
must be used.”” *° As these methods are computationally
expensive, the atomic models adopted thus far are typically
small and simple. As mentioned above, cyclic monomers are
opened, and the two dangling bonds are saturated by two
suitable end groups of a neutral molecular initiator, for
example, methanol CH;—OH or methanethiol CH;—SH.
Then the ground-state atomic configurations of the monomer,
the “polymer” (the ring-opened capped monomer), and the
initiator molecule are guessed and optimized using first-
principles computations. Then AH®? is computed from the
energies obtained for those species.

While this approach is practical and intuitive, it has major
deficiencies. Modeling each of the species involved in the ROP
by a single atomic configuration and representing the polymer
by a capped ring-opened monomer (i.e., totally ignoring the
macromolecular morphology) led to significant quantitative
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Figure 3. First-principles computational scheme for AH*". In (a) the “model construction” step, atomic configurations of the monomer (with
length L = 1) and polymer (L > 1) are generated. Here, monomer model (L = 1) and two polymer models (L = 3 and 4) of polyethylene glycol are
used for an illustration, in which carbon, oxygen, and hydrogen atoms are given in brown, red, and pink, respectively. Entering (b) the
“configuration space searching & sampling” step, the domain corresponding to each configuration is expanded, searched, and sampled using DFT-
based molecular dynamics simulations. From the lowest-energy MD trajectory at equilibration (indicated by the check mark), the formation
enthalpy AH;®°" of the polymer model of length L is obtained. Within (c) the “extrapolation” step, AH°F (given in squares) is determined by
extrapolating AH; " (given in cicles) to the limit of L — oo, or equivalently, 1/L — 0.

discrepancies with respect to reality and experiments. This
approach ignores the polymer energy spectrum, which is
essentially continuous, representing numerous atomic conﬁ§-
urations that are very close to the ground state in energy.”
Such strategies have been used mostly for understanding the
atomic-level geometric details of the involved species,”***°
while computed values of AH®OP using this approach can, at
best, be used to understand trends within a restricted chemical
class.*>**

The present scheme, portrayed in Figure 3, was designed to
compute AH®®? in a more realistic manner. In addition to
resolving the aforementioned two assumptions adopted in the
present-day approach, effects due to nonzero temperatures are
adequately considered. In the first step, a series of atomic
models (configurations) of the monomer and polymer are
constructed using the Polymer Structure Predictor pack-
age.””® The smallest member of this series, labeled by its
size (length) L = 1, is an atomic configuration of the monomer
itself. Larger members, labeled by L > 1 and obtained by
multiplying the monomer with several integer values of L to
create loops, are used to represent the polymer (Figure 3a). By
construction, our models involve no end groups as mentioned
above (and thus, no artificial effects from them) while still
allowing results computed for the finite-size polymer models
(L > 1) to be extrapolated to the limit of L — oco. For an
illustration, the monomer model (L = 1) and two polymer
models (L = 3, 4) of polyethylene glycol are shown in Figure
3a.

The second step was designed to identify possible ensembles
of configurational microstates corresponding to each of the
(monomer and polymer) models. The procedure involved
some substeps. First, starting from an atomic configuration,
shown as an orange star in Figure 3b, a molecular dynamics
(MD) simulation using an empirical Reax force field®” was
performed using Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS),* thoroughly exploring the
configuration space while preserving the atomic connectivity.
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Along the trajectory, which lasts at least 1 ns, a large number
(e.g., thousands) of new atomic configurations (snapshots) was
obtained, shown as light-blue circles in Figure 3b. Then the
accessible space is sampled by down-selecting these snapshots
to a handful set of maximally diversified configurations,
represented by red circles in Figure 3b. This selection process
involves fingerprinting these snapshots using the Smooth
Overlap of Atomic Positions (SOAP) feature’”*” and then
selecting a given number of candidates that maximize the total
pairwise distance among them in the SOAP feature space.
Finally, a room-temperature ab initio MD simulation was
performed for each of the maximally diversified configurations
obtained. The goal of this substep was to equilibrate and
propagate these configurations, which were prepared using an
empirical potential,’” at the first-principles level of energy
computations. Each trajectory, lasting at least 1 ps, the typical
time scale for atomic relaxation,” is expected to contain an
ensemble of microstates corresponding to the initial config-
uration at the selected temperature T. The trajectories
obtained for the set of maximally diversified configurations
are depicted in Figure 3b.

In the last step, AH®® is computed from the MD
trajectories obtained. Among them, the lowest one, that is,
whose averaged potential energy E at equilibration is lowest, is
selected. Then the finite-size (L-dependent) estimation of
AHR® is computed as

1
AHL = —(E) = (E) o

Here, E; and E, are the potential energies at equilibration of
the ab initio MD trajectories of the polymer model (L > 1) and
monomer model (L = 1), respectively, while {...) stands for the
average over the microstates after equilibration. Given that we
have AH;R? for multiple finite values of L (in this work, we
used 3, 4, S, 6, and for some cases, 16), AHY? is defined as the
L — oo (or, equivalently, 1/L — 0) limit of AH,*°:

https://doi.org/10.1021/acs.jpclett.2c00995
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ROP _ 1. ROP 20
AHT = Lh—l;rio AHy ) RMSEqyeran = 15.4 kj/mol
In practice, AH,*°F values are fitted to a linear function of 1/ — RZASEde_'""ym = 19:0kmol
L, and the y intercept of this fit is taken to be AH"°F. The . Roveron = 073
slope of this linear function, as shown in Figure 3¢, is a S Ll
(physical) measure of how rapidly the ring strain can be §
relaxed when the monomer is opened and a polymer chain is <
formed. Therefore, it is generally positive, as summarized in é —40r
the Supporting Information. With this extrapolation procedure, 5
we are able to probe macromolecular length scales, a limit that T 60| cycloalkanes
can not be approached directly, especially using first-principles = cycloalkenes
computations today. g- methyl_cycloalkanes
Within our scheme, ab initio MD simulations were o 80 ethers
. .« . O polyurethanes
performed in the second step, that is, “configuration space lactams
searching and sampling”, to equilibrate the initial configuration —100} lactones
at first-principles level and to capture their microstates at the thiolactones
desired temperature. As all of our models are nonperiodic, we . ‘ ‘ ‘ _ others ‘
used the I'-point version of Vienna Ab initio Simulation 1% 100 80 60 40 20 0 20

Package (VASP),""** employing a basis set of plane waves
with kinetic energy up to 400 eV to represent the Kohn—Sham
orbitals. The ion—electron interactions were computed using
the projector augmented wave (PAW) method™ while the
exchange—correlation (XC) energies were computed using the
generalized gradient approximation Perdew—Burke—Ernzerhof
(PBE) functional.**

Because the initial configurations of these ab initio MD
simulations were prepared at the level of an empirical potential,
the trajectories must be long enough for adequate equilibration
to be achieved. As the atomic relaxation time is of the order of
a picosecond,” these MD simulations need roughly 2000 steps
to equilibrate (our time step is 0.5 fs). In fact, our ab initio MD
runs for monomers exceed 10000 steps, while those for
polymers are at least 3000 steps.

The geometrical optimizations needed to reproduce the
results of the conventional approach were performed using
VASP. For this purpose, we also used the same PAW potential,
the PBE XC functional, and the plane-wave energy cutoff of
the aforementioned ab initio MD simulations. Convergence in
optimizing the structures was assumed when the atomic forces
became less than 0.01 eV/A.

We have computed the AH®®" of all 42 ROPs in the
benchmark set using the conventional approach. For each of
them, we opened the monomer and capped it with two end
groups obtained from either ethane CH;—CHj;, methylamine
CH;—NH,, methanol CH;—OH, or methanethiol CH;—SH
molecule so that the reaction was isodesmic. Then we
performed a comprehensive search for the ground-state atomic
configurations of the monomer and the polymer, that is, the
capped ring-opening monomer. Finally, the obtained structures
were fully optimized using DFT computations.

The computed results are summarized in Figure 4, while
details can be found in Table 1. Except for cycloalkanes series
whose trend of AH? is captured, this approach hardly works
with other classes of polymers. The overall root—mean—square
error (RMSE) of this approach across the benchmark set is
roughly 15.4 kJ/mol and the overall coefficient of determi-
nation R? is 0.75. However, the prediction in the regime
between —20 and 0 kJ/mol, which is critical for the purpose of
designing depolymerizable polymers, is poor. In particular, the
obtained RMSE in this regime is ~19.0 kJ/mol, while for the
class of thiolactones, this error is ~23.3 kJ/mol. Such an
uncertainty is too large and cannot be used to guide the design
of depolymerizable polymers.
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Experimental AHROP (k)/mol)

Figure 4. Computed AH®” for the benchmark set of 42 ring-opening
polymerization summarized in Figure 2 using past approach. The area
of interest for depolymerizable polymers, for which AH*F ranges
from —20 to 0 kJ/mol, is shaded. Within this regime, RMSEypqjym =
19.0 kJ/mol, while for the whole benchmark set, the obtained RMSE
is ~15.4 kJ/mol.

Table 1. Three Error Measures of Past Approach and Our
Approach Including (i) RMSE (kJ/mol), (ii) Relative
RMSE, Defined as RMSE Divided by Range of Experimental
AH®CP, and (iii) Mean Relative Error (RME)“

past approach our approach

relative relative
monomer class RMSE RMSE MRE RMSE RMSE MRE
cycloalkanes 6.4 0.055 0.54 7.9 0.068 0.37
cycloalkenes 6.1 N/A 0.26 9.7 N/A 0.42
methyl 6.7 0.059 0.21 8.5 0.074 0.27
cycloalkanes
ethers 7.4 N/A 0.08 6.2 N/A 0.07
polyurethanes 22.6 0.590 7.43 13.4 0.351 4.78
lactams 21.0 0.782 1.97 5.2 0.195 0.38
lactones 14.1 0.187 0.89 6.1 0.080 0.48
thiolactones 23.3 1.575 2.26 3.6 0.245 0.47
others 13.46 0.912 0.78 6.74 0.396 0.394
overall 15.39 0.122 1.48 7.32 0.058 0.71

“Relative RMSE is not available (N/A) for monomer classes having
one experimental AH®®" data point.

We now demonstrate our new scheme to compute AHROP
for the benchmark set. For each of the 42 ROPs, monomer and
polymer models were created, the corresponding configuration
spaces were explored and sampled for computing AH,*°F, and
finally they were extrapolated to the limit of L — oo to
determine AH®O". In Figure Sa, we illustrate the extrapolation
procedure performed on four representative polymers
including one lactam, one cycloalkane, one lactone, and one
thiolactone. Table 1 provides a comprehensive assessment on
the performance of our approach in comparison with the past
approach. Three measures of errors are given including (ii)
RMSE, (ii) relative RMSE, which is defined as the ratio
between RMSE and the actual range of the reference data, that
is, experimental AH"°, and (iii) mean relative error (MRE).
The full set of 42 extrapolated AH®O" are directly compared

https://doi.org/10.1021/acs.jpclett.2c00995
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Figure 5. (a) Extrapolation procedure used to find AH P of four representative polymers including one lactam, one cycloalkane, one lactone, and
one thiolactone. For each of them, AH;*°" (solid circles) values are fitted into a linear function of 1/L (solid lines), while experimental data are
given in stars. (b) Computed AH*® values are given in a comparison with experimental AH*°%, in which the RMSE is 7.3 kJ/mol and R? = 0.94.
Within the regime between —20 and 0 kJ/mol (shaded area), RMSE is 7.5 kJ/mol.
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Figure 6. Experimental and computed AH for six cycloalkanes with ring size of 3 (cyclopropane), 4 (cyclobutane), S (cyclopentane), 6
(cyclohexane), 7 (cycloheptane), and 8 (cyclooctane). Data points are given by symbols, while lines are for a guide of the trend.

with experimental AH*°® in Figure Sb and Table 1. Detailed
information on the benchmark set including the monomer and
polymer SMILES (simplified molecular-input line-entry
system)* and the measured and computed AH®F can be
found in the Supporting Information.

Figure Sa clearly shows that the finite-size effects, indicated
by the slope of the linear fitted lines, are significant. For most
of the polymers in the benchmark set, their L = 6 models
contain roughly 100—200 atoms and more. Even with such a
large model, the computed AH;*” could still be about 10—20
kJ/mol from the experimental value of AHROP. Still, the
extrapolation procedure, which assumes a linear dependence of
AH,;®°P on 1/L, appears reasonable.
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In fact, considering that the benchmark set is extremely
diverse and that AH " is scattered in a wide range (~130 kJ/
mol), an RMSE of 7.3 kJ/mol, an R? coefficient of 0.94, and
detailed results shown in Table 1 demonstrate the robustness
of the whole scheme in computing AH®®". Within the
benchmark set, the performance of this scheme could be
different for different classes, typically with different chem-
istries. The most probable reason is that configuration space
searching and sampling is more efficient for polymers that have
no side chains and all rotatable bonds. Rigid bonds in the
monomer rings or (large) side chains will certainly make the
exploration much more challenging; thus, the configurations
selected and used for the ab initio MD simulations in such
cases may not be good representatives. Moreover, the
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experimental values of AHR" in the benchmark set were

measured under different conditions using different methods,
for example, semiempirical, calorimetry, and NMR spectros-
copy. We anticipate that this diversity could play a role in the
relatively large errors associated with the predictions for
polyurethanes,46 that is, 13.4 kJ/mol, for which the
calorimetry method was used. On the other hand, the error
for thiolactones, whose AHRO" was measured using the NMR
spectroscopy,” is 3.6 kJ/mol, about one order smaller than
the error of ~23.3 kJ/mol when the past approach is used. In
the regime of interest pertaining to depolymerizable polymers,
the obtained RMSE is ~7.5 kJ/mol, about 3-times smaller than
the past approach.

As previously mentioned, the monomer ring size is an
important degree of freedom in controlling AH"°F. We show
in Figure 6 the experimental and computed AH®® of six
smallest cycloalkanes with ring size of 3, 4, S, 6, 7, and 8.
Because there are enormous strains in the monomers with
small ring size (3 and 4), they are easier to break and
polymerize with highly negative AH*°" > —100 kJ/mol. For
medium ring-size monomers (S, 6, and 7), AHO? s less
negative and even slightly positive, while AH®" slowly
decreases for larger monomers. Over a very large range of
values (from —100 to 3 kJ/mol), our computed AH*" closely
follows this trend with an RMSE =~ 8 kJ/mol, that is, about
10% of the range.

The trend shown in Figure 6 with respect to the monomer
ring size for the series of cycloalkanes is quite general and
resembles that for other classes of polymers as well. Overall,
small ring-size monomers are highly unstable and can easily be
polymerized, that is, depolymerizations are difficult. Monomers
in which five-, six- and seven-membered rings are opened will
be more relevant for the goal of designing depolymerizable
polymers. The reason is that for these monomers, AH*°® are
slightly negative, and thus, while polymerization will be
thermodynamically favored at low temperatures, depolymeri-
zation may be accomplished at moderate temperatures.

Within the benchmark set, the series of thiolactones were
developed by us.’’ Each monomer in this series contains one
six-membered ring with one or two sulfur atoms. Because S—C
bonds (=~ 1.8—1.9 A) are typically about 20—30% longer than
C—C bonds (=~ 1.4—1.5 A), thiolactones may face more ring
strain than the six-membered ring monomer of cycloalkanes,
that is, cyclohexane. On the other hand, the strain in
thiolactones is still much less than cyclopentane (five-
membered ring) and cyclobutane (four-membered ring) in
which the bond angle of the sp3 carbon atoms is significantly
deformed from 120 degrees to ~106 degrees and ~90 deg,
respectively. Consequently, AH"°F of thiolactones is in the
range between ~—10 and ~0 kJ/mol (compared to —81.0 kJ/
mol of cyclobutane, — 21.2 kJ/mol of cyclopentane and 2.9 kJ/
mol of cyclohexane), and polymers in this classes are good
candidates for depolymerizable polymers. As shown in Figure
S, our computational scheme is accurate for thiolactones with
an RMSE of 3.6 kJ/mol in predicting AH"°".

Ring-opening polymerization enthalpy AH®? is a critical
concept for rationally exploring the polymer space and
designing depolymerizable polymers. Of note, computing
AH®®? in a reliable and accurate manner is nontrivial. Here,
we have developed a first-principles scheme capable of high-
fidelity computations of AH®" with an averaged error of
about 7 kJ/mol across a highly diverse benchmark set of 42
ROPs, and an average of about 3.6 kJ/mol for chemical classes

~
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such as thiolactones, which are most suitable for this space of
recyclable polymers. This accurate scheme may thus be used to
guide the design of depolymerizable polymers.

While multiple challenges in computing AH*F, for example,
the finite-size effects, the end-cap effects, and the single-
configuration approximation, were resolved, other problems,
including effects of solvent and entropic contributions to the
Gibbs free energy, remain open. Moreover, this scheme is
computationally very demanding, and further developments of
this scheme would be needed to address these deficiencies. As
the DFT-based molecular dynamics simulations in the second
step are the main bottleneck, they are needed to reach the
accuracy required in computing AH". Faster potentials such
as reaxFF or machine-learning force fields can easily be used in
this scheme when their accuracy and transferability are
secured. Given that a high-quality data set of ROPs and
computed AH*°F has been developed (and can be scaled up),
machine-learning (ML) methods may be used in multiple
ways, including (i) extrating important features that control
AHR®, (ii) building ML models to instantaneously predict
AH®®, and (iii) planning the computations of AH*°" in an
efficient and on-demand manner, ultimately accelerating the
design of depolymerizable polymers with suitable T and other
desired properties.
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