Open Access Article. Published on 05 December 2023. Downloaded on 4/23/2026 2:04:55 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue

PERSPECTIVE

The thermodynamics and kinetics of
depolymerization: what makes vinyl monomer
regeneration feasible?

i '.) Check for updates ‘

Cite this: Chem. Sci., 2024, 15, 832

8 All publication charges for this article
have been paid for by the Royal Society

of Chemistry Victoria Lohmann, ©2 Glen R. Jones, &2 Nghia P. Truong & 2°

and Athina Anastasaki & *2

Depolymerization is potentially a highly advantageous method of recycling plastic waste which could move
the world closer towards a truly circular polymer economy. However, depolymerization remains
challenging for many polymers with all-carbon backbones. Fundamental understanding and
consideration of both the kinetics and thermodynamics are essential in order to develop effective new
depolymerization systems that could overcome this problem, as the feasibility of monomer generation
can be drastically altered by tuning the reaction conditions. This perspective explores the underlying
thermodynamics and kinetics governing radical depolymerization of addition polymers by revisiting

pioneering work started in the mid-20th century and demonstrates its connection to exciting recent
Received 29th September 2023

Accepted 28th November 2023 advances which report depolymerization reaching near-quantitative monomer regeneration at much

lower temperatures than seen previously. Recent catalytic approaches to monomer regeneration are
DOI: 10.1035/d35c05143a also explored, highlighting that this nascent chemistry could potentially revolutionize depolymerization-

rsc.li/chemical-science based polymer recycling in the future.

electronics and construction materials. However, polymers are
often incredibly resilient to degradation by design, and conse-
quently their widespread use has come at a cost to the envi-
ronment. The ecological repercussions of non-biodegradable
and single-use polymeric materials are increasingly evident,

Introduction

The first century of polymer science has changed the world, with
polymers now being integral to numerous aspects of modern
life, from packaging materials and medical devices to
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with plastic pollution contaminating our oceans and land, and
harming wildlife on both a macroscopic and microscopic level.*
It is therefore crucial that polymer scientists innovate and seek
alternatives to the currently unsustainable lifecycle of polymers.
One approach to this is the development of plastic materials
which can exhibit similar properties to commercial plastics, but
are inherently designed to be efficiently recycled or biodegraded
to give innocuous products.”® While this could reduce plastic
waste in the future, it doesn't solve the end-of-life problem of
plastic materials that have already been produced. The majority
of plastic waste cannot currently be effectively recycled in a cost-
effective manner, and as a result of this waste in landfills and
the general environment is estimated to rise to 12 Gt by 2050.°
Better methods of processing and utilizing plastic waste
streams are of paramount importance for solving the global
problem of our unsustainable polymer economy.

One strategy that is currently attracting attention is depoly-
merization, also referred to as chemical recycling to monomer
(CRM). Depolymerization can be defined as the reverse of
polymerization, whereby polymers are converted back into their
constituent monomers.' This is in contrast to polymer degra-
dation strategies where lower molecular weight polymeric
species and small molecule side products are formed.""”
Conventional mechanical recycling of polymers is another
possibility which often results in deterioration of mechanical
properties, as polymer chains are sheared and reduced in
molecular weight.'”® CRM circumvents this problem entirely as
regenerated monomers can be re-polymerized to give pristine
polymeric materials. It could be envisioned that widespread
adoption of CRM would not only greatly reduce plastics
entering landfill sites but would also potentially offset the
polymer industry's reliance on fossil fuels as plastic waste
would become a valuable resource to produce new materials.

Although the depolymerization of polymers with heteroatom
backbones (such as polyesters)'®?* has been successfully
demonstrated on an industrial scale, polymers with C-C
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backbones (e.g., vinyl polymers) are much more challenging.
This perspective will primarily focus on discussing the ther-
modynamics and kinetics of depolymerization of vinyl type
polymers. The reader is referred to other recent reviews for
other polymer classes and further challenges of the recycling
process.”*?” While chemical recycling via pyrolysis, where the
polymer is exposed to high temperatures (typically 7 > 300 °C)
under the exclusion of oxygen to produce monomer and other
small molecules, has been described and reviewed for a vast
range of addition polymers,*®** reports of depolymerization at
lower temperatures and with monomer as the product are much
more recent. Recent exciting work has sought to overcome this
challenge by utilizing addition polymers predominantly made
by reversible-deactivation radical polymerization (RDRP)
methods. RDRP is a form of radical polymerization where crit-
ical characteristics of the polymer such as molecular weight,
dispersity, and nature of the end-group can be controlled by
reversibly deactivating propagating chains. The most common
methods to achieve such reversible deactivation are atom
transfer radical polymerization (ATRP), reversible addition-
fragmentation chain-transfer (RAFT) polymerization, and
nitroxide-mediated polymerization (NMP). The functional end-
group present on the polymer in the deactivated state remains
on the chain even after polymerization and suitable
purification.***® The existence of reactive end-groups in these
polymers has been demonstrated to provide a handle to initiate
depolymerization at lower temperatures than was previously
achieved.**** As further advancements are made in CRM,
researchers new to this field will naturally ask what makes
monomer regeneration feasible, and what are the possible
limits of depolymerization?

The practical feasibility of depolymerization is governed by
thermodynamic and kinetic principles which were first
formulated in the mid-20th century. These principles, derived
from careful kinetic analysis of polymerizations, dictate the
energy requirements, reaction rates, and equilibrium
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considerations associated with breaking down long polymer
chains into monomeric units. This pioneering work lays the
essential foundations for what is possible in depolymeriza-
tion. The purpose of this perspective is to revisit this foun-
dational literature and summarize the thermodynamic and
kinetic considerations of depolymerization in a way that is
accessible to both experts and non-experts interested in this
area and put this work in the context of more modern studies.
Ultimately, envisioning that many of the conclusions reached
50 years ago, in combination with modern chemistry, can be
utilized to further improve CRM today. First, the concepts of
thermodynamics of depolymerization are introduced in
a broadly didactic format, with an emphasis on the concept of
ceiling temperature as a measure of depolymerizability
(Section 2). Then, the perspective expands upon this theory to
discuss the kinetic considerations of depolymerization
(Section 3). In Section 4, current literature reporting lower
temperature depolymerizations and how this fits with existing
theory is explored. Finally, in Section 5, future opportunities
in depolymerization through catalysis via non-radical path-
ways are discussed.

Thermodynamics of depolymerization

Monomer formation from vinyl polymers was postulated as
early as 1914, when Stobbe detected the formation of small
molecular vinyl species and a change in refractive index in
a solution of polystyrene (PS) after it was placed under sunlight
irradiation in a sealed vial for extended periods of time.** He
investigated the reversibility of addition polymerization since
he and his colleagues had never been able to fully consume the
monomer when making PS and thought that might have been
due to a competing reverse reaction. Strikingly, interest in the
reversibility of the polymerization reaction is therefore older
than the concept of covalently bound macromolecules initially
proposed by Staudinger in 1920 and used by all of us today.*®
However, by todays analytical standards, Stobbe*> and others
never conclusively proved the formation of monomer. It took
until the 1940s for monomer formation to be proven, when
polymer theory was firmly established, and depolymerization
studies on PS solutions were conducted at high temperatures
with the first mechanistic models being proposed.*”*® Since the
activation energy should not be more than the sum of the
activation energy and the enthalpy of the forward reaction
(approximately 25 kcal mol %), the authors postulated that the
probability of a depropagation was predicted to be significant
enough even at polymerization temperatures below 100 °C and
the depropagation must be considered:

P!+ M=P’,, €))

As the propagation reaction is reversible, the activated
polymer and the monomer are in chemical equilibrium with
each other, quantified by an equilibrium constant (Kply).
Formulating the law of mass action for this equilibrium in
terms of species concentration, an expression for the equilib-
rium constant is found:
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[P:+J eq 1
- M

for [P, ]=[P] (2

eq

For sufficiently large n, the propagating species can be
considered the same before and after addition of a repeat unit
due to the long chain assumption (i.e., small changes in DP
have a negligible effect on the reactivity),* and it can be seen
that the equilibrium position is solely defined by the monomer
concentration at equilibrium. Such a description of the poly-
merization equilibrium was found to be valid for different
polymerization mechanisms.”*->*

Now, Stobbe's investigation into reversibility as an explana-
tion for the conversion limits observed in polymerization can be
fully appreciated.*® If both propagation and depropagation take
place simultaneously, the reaction proceeds until the monomer
concentration is reached at which the equilibrium is estab-
lished. For any closed system, no more overall macroscopic
change in the composition takes place, which appears as
though the reaction stops at a finite monomer concentration. As
per definition, the Gibb's free energy change reaches zero at the
equilibrium:

AG=0=AH— TAS (3)

For any reaction to occur spontaneously, the Gibb's free
energy change must be negative. For polymerization reactions
specifically, this means that the free energy of the monomeric
state has to be higher than that of the polymeric state for
propagation and vice versa for depropagation (Fig. 1).* For
addition polymerization reactions of vinyl monomers, the
enthalpy change (AH) is always negative as the formation of a c-
bond by addition to a m-bond releases energy. Generally
speaking, the change in entropy (AS) is also negative for most
vinyl monomers as the system's degrees of freedom decrease
when a propagating species and a monomer molecule are
combined into a single species. As long as the absolute value of
the enthalpy change is larger than the absolute value of the
change in entropy times the temperature, the overall change in
free energy is negative. Therefore, the lower the temperature,
the smaller the value of TAS, the more negative the free energy
change, the more favoured the polymerization reaction. Since
the equilibrium responds to shifts in the reaction conditions
according to Le Chatelier's principle, more polymerization is
achieved by increasing the monomer concentration, and more
depolymerization by removing monomer from the system.

Ceiling temperature and monomer equilibrium concentration

Thus far, the equilibrium constant has only been presented as
a quantitative description of the equilibrium state. However, the
constant changes with temperature, and concluding whether
a system polymerizes or depolymerizes is difficult to determine
from this value alone. In addition, comparing polymers to each
other also becomes more difficult. Dainton and Ivin developed
the concept of ceiling temperature as an alternative, quantita-
tive description.®® As the ceiling temperature is such an

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of the reaction energetics for the propagation—depropagation equilibrium. At low temperature the system
favours polymerization, at the ceiling temperature, the system is in equilibrium, and at high temperature depropagation is favoured.

important concept for depolymerization, a short historical
account of its development is given below.

In the 1930s, copolymerization of sulfur dioxide with olefins
was attempted by many researchers.’”* Snow and Frey in
particular, observed that such reactions were only feasible at
low temperatures and ceased abruptly once a certain tempera-
ture was reached. They termed this temperature barrier the
ceiling temperature and attributed it to inhibitor formation.**
In Dainton's obituary, Ivin, who was a PhD student of Dainton
in Cambridge at the time, describes how the ceiling tempera-
ture was formalized as a concept:** Dainton's research group
was well aware of the temperature barrier in polymerization and
had already conducted experiments during which they found
such a ceiling temperature independent of the initiation
method but dependent on monomer concentration. However,
they were struggling to explain why. One day during a group
meeting, Dainton proposed the consideration of reversibility
and wrote down the resulting rate equation for monomer
consumption in such a system:

d[M]

Ry =~ (i k) P g

It immediately became obvious to Ivin and Dainton that the
rate would fall to zero if the depropagation constant (kq) became
equal to the propagation constant times the monomer
concentration (k,[M]), independent of the active species
concentration for reversible propagation. The ceiling tempera-
ture must therefore be the temperature at which this condition
is reached since a propagation rate of zero results in no poly-
merization. As an equal rate of the forward and backward
reactions means that the equilibrium is established, they then

© 2024 The Author(s). Published by the Royal Society of Chemistry

reformulated eqn
temperature.®

(3) to give an expression for this

AH

c= Ao (5)

AS

The entropy change can be expressed in terms of the stan-

dard entropy at unit concentration (AS°) and a concentration-
dependent term:

AS = AS" + RIn[M] (6)

By substituting the entropy in eqn (5) with eqn (6), the most
commonly used expression for the ceiling temperature is found.
Because the ceiling temperature is a characteristic of the equi-
librium, the monomer concentration becomes the monomer
concentration at equilibrium ([M]eq):

- AH
©~ AS T RInM], ™)

Typically, this is referred to as the monomer equilibrium
concentration (MEC). Eqn (7) makes one thing very clear, which
is that ceiling temperature and MEC are a pair. As the ceiling
temperature changes, the MEC changes. Hence, instead of
being a clear barrier of depolymerization as often stated in
literature, the ceiling temperature is merely a quantitative
description of the equilibrium position. Meaning that if an
active species was put into solution at a given temperature,
depolymerization would proceed until the MEC is reached for
this temperature. The addition of monomer to a solution of
propagating species at a given temperature, would result in
overall polymerization until enough monomer is consumed to

Chem. Sci., 2024, 15, 832-853 | 835


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc05143a

Open Access Article. Published on 05 December 2023. Downloaded on 4/23/2026 2:04:55 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

View Article Online

Perspective

Rate of Polymer Formation
|

v

SO,

—

o=n=0
——

f

- low concentration anionic

initiation

- high concentration anionic
initiation

radical initiation

high intensity photoinitiation

low intensity photoinitiation

0 Temperature

Fig. 2 Scheme of the rate of polymer formation with temperature for the copolymerisation of butene polysulfone. As the depropagation
becomes more significant at higher temperature, the polymer formation rate falls to zero. The ceiling temperature is independent of the initiation
mechanism and active species for a chain polymerization conducted at the same initial monomer concentration with low (dark blue) and high
(rose) anionic initiator concentration, radical initiator (green), and light of low (orange) and high intensity (light blue). Adapted from ref. 66 with

permission from the Royal Society of Chemistry, copyright 1953.

reach the MEC for this temperature. Therefore, the ceiling
temperature is a characteristic of monomer at a specific
concentration.®”® TUPAC defines it as the ‘temperature above
which, in a given chain polymerization, polymer of high molar
mass is not formed’.** Oftentimes in literature, authors refer to
a bulk ceiling temperature even if reactions are carried out
under different conditions.®

As already mentioned, the ceiling temperature is indepen-
dent of the initiation mechanism (Fig. 2) because it is a char-
acteristic of the propagation reaction, which only considers the
already activated species. Furthermore, it is even independent
of the propagation mechanism since substrate and product are
the same regardless of whether propagation takes place via
a radical or an ion.***

Disregarding the initiation and termination of active species
and describing the thermodynamics of a polymerization or depo-
lymerization reaction purely in terms of the propagation—-depro-
pagation equilibrium as the ceiling temperature does, is a valid
treatment for long polymer chains. However, for short chain
lengths and especially oligomer formation, initiation and termi-
nation reactions have significant contributions to the total reaction
entropy and enthalpy.®® Generally, the effect is considered negli-
gible for chain lengths with a DP larger than or equal to 3.7

The approximations made for the thermodynamic treatment
of polymerization and by extension depolymerization reactions
already expose a significant limitation of the ceiling tempera-
ture concept with respect to being able to predict the feasibility
of monomer generation. As the concept only considers already
activated species, no information is given on what is required to
generate these species or what termination reactions might
limit the amount of monomer generated.

Influences on the ceiling temperature

The ceiling temperature is represented by the enthalpy and
entropy change of the reaction. Many factors can influence this

836 | Chem. Sci, 2024, 15, 832-853

such as solubility,”* changes in aggregation states during poly-
merization (i.e., from liquid monomer to solid polymer),** and
pressure.”” The main considerations on the ceiling temperature
were well summarized by Ivin: ‘one should never speak of the T.
of a polymer: this has no thermodynamic meaning; and when
speaking of the T, of a monomer one must always quote the
precise conditions of monomer concentration, solvent medium,
and pressure if this is to have real thermodynamic meaning’.*
This section aims to give a comprehensive overview of the ways
ceiling temperatures have been tuned in the past, while delving
deeper into theory where appropriate.

Pressure. Pressure can alter the ceiling temperature if the
propagation reaction is associated with a volume change. The
change of ceiling temperature with pressure change is given by
the Clausius-Clapeyron equation and depends on the reaction's
volume change (AV):”

dT. T.AV

dp AH (®)

As double bonds have a larger volume than single bonds,
more vinyl species can be obtained in addition depolymeriza-
tion by reducing the reaction pressure, as exemplified for the
thermal degradation of polyethylene,” and polymerization is
favoured for higher pressure. Hence, higher pressure is one
factor that enables the increase of reaction temperature for the
polymerization of a-methyl styrene (AMS) (Fig. 3).7

Solvent medium. The other crucial parameter which can
affect the ceiling temperature of a monomer is the solvent
medium. The nature of the solvent changes the free energies of
monomer and polymer and therefore the equilibrium position,
the ceiling temperature, and the equilibrium monomer
concentration.” In the simplest case, the solution considered
for the propagation-depropagation equilibrium consists of the
solvent (s), monomer (m), and polymer (p). The concentration

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 High pressure increases the ceiling temperature in the poly-

merization of a-methyl styrene. Adapted from ref. 74 with permission
from the Royal Society of Chemistry, copyright 1960.

of each component and their interactions with each other have
thermodynamic implications. Derived from work conducted by
Bywater,”® the effect of solvent choice on the ceiling temperature
is given by:

B AH

e _R(ln(;’;> — 14, (d — ¢;‘)) ©)

m

In this work, only entropic contributions are considered. The
choice of solvent affects the volume fraction (¢), volume fraction
at standard conditions (1 M, ¢*), and the interaction between
polymer and solvent, as well as the polymer concentration
accounted for by a correction term (ug,). The correction term is
a weakness of this treatment as it combines all effects of the
polymer in one value, which again becomes difficult to esti-
mate. However, it has been established that the choice of
solvent also has an effect on the reaction enthalpy, where
a better solvent results in less chain coiling and therefore,
longer backbone bonds, which in turn resulted in lower
enthalpy and therefore lower ceiling temperature.”

A more comprehensive treatment is perhaps given by a rela-
tion of all interaction parameters (x), and fractional volumes to
each other, also considering the volumes (V) and molar volumes
(V) of each component:™®

Vin
me — Xms + Xsp 7

_ 40
(Xms - Xsp <75) + me - d)_o) d)p

(n g, +1) P
| ¢p

N Vin 1
Xms — Xsp 75 +me_¢T

(10)
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The index 0 thereby denotes the theoretical molar fraction for
all polymer being converted to monomer, also a temperature
dependent characteristic.” So, what information does this
relation reveal about the equilibrium position? Since is the
volume fraction of the monomer at the equilibrium, the MEC is
nothing other than this fraction divided by the molar volume of
the monomer. Eqn (10) therefore establishes a direct relation
between the equilibrium position of the monomer-polymer
solution, expressed through the ceiling temperature, and the
interaction parameters between all components as established
by Flory-Huggins theory.** The complexity is also the greatest
barrier to the practicality of this treatment as interaction
parameters are not readily available from literature, and hence
either have to determined experimentally or modelled under
assumptions. It follows that the weaker the interaction between
monomer and solvent, the more exothermic and exoentropic
the reaction, which favours polymerization and increases the
ceiling temperature.®

Experimentally, the solvent effect has recently been lever-
aged for the reduction of ceiling temperature by Odelius and co-
workers. Even though the conducted depolymerization of poly
lactic acid was not that of an all-carbon backbone polymer, the
work was the first demonstration of deliberate application of
the solvent effect for ceiling temperature tuning. By using
solubility parameters, which are much more accessible and
related to the interaction parameters, the effect on the ceiling
temperature could be accurately modelled, and essentially the
ceiling temperature could be lowered over a 200 °C temperature
range by selection of suitable solvents (Fig. 4).”"%> Such a large
temperature range might be attributable to the large solubility
difference between this specific monomer and polymer.

Increasing steric hindrance

Br

420 4

400

Ceiling Temperature / K
w w w w
N B (=23 0
o o o o
; . ; ;

300 A TN

280 N

T T T T T T T
00 05 10 15 20 25 3.0 35 40 45 5.0
Steric Substitution Constant

Fig. 4 The effect of phenyl methacrylate's substituents on the ceiling
temperature, the larger the substituent the lower the ceiling temper-
ature of the polymerization. Graph reprinted from ref. 90 Eur. Polym.
J., 25, 2, B. Yamada, T. Tanaka, T. Otsu, Correlations of ceiling
temperature and reactivity with bulkiness of ortho-substituent in
radical polymerization of phenyl methacrylate, 117-120, Copyright
1989, with permission from Elsevier.

Chem. Sci., 2024, 15, 832-853 | 837


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc05143a

Open Access Article. Published on 05 December 2023. Downloaded on 4/23/2026 2:04:55 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

Monomer structure. Lastly, monomer structure has a large
influence on the ceiling temperature. Unfortunately, structural
effects are oftentimes not systematically investigated, conse-
quently, generalized conclusions are harder to draw, especially
since the investigated monomers almost exclusively have two
substituents in the a-position. Additionally, monomer structure
effects both reaction enthalpy and entropy and distinction
between these contributions can be unclear and challenging.
Factors determining the reaction enthalpy and therefore the
ceiling temperature are electronic and steric contributions. A
comparison between styrene and AMS is an excellent demon-
stration. On AMS, the additional methyl group has an electronic
effect on the C-C bond,*** and increases the steric hindrance,
which means longer C-C bonds are formed during polymeri-
zation, resulting in a smaller bond energy compared to styrene.
Less energy is therefore required to break these bonds again
due to a smaller enthalpy change, and the depolymerization is
already favoured at lower temperature since the -ceiling
temperature is lower.** Styrene on the other hand can be poly-
merized at high temperatures and only depolymerizes appre-
ciably at temperatures above 200 °C.** When ceiling
temperature variations between sterically similar methacrylates
and methacrylamides were investigated under identical reac-
tion conditions, the methacrylamide had a 10 °C higher ceiling
temperature. This difference demonstrates influences on the
equilibrium position which can be attributed to monomer
structure and electronic effects rather than steric.*”

Aside from electronic effects, side chain substituents can
have a structural influence on the ceiling temperature. These

high low
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Fig. 5 Changing the ceiling temperature through choice of solvent.
The smaller the solubility difference between monomer and solvent,
the lower the ceiling temperature. Adapted from ref. 71 “Like recycles
like": selective ring-closing depolymerization of poly(L-lactic acid) to L-
lactide, L. Cederholm, J. Wohlert, P. Olsén, M. Hakkarainen, K. Odelius,
Angew. Chem. Int. Ed., 61, 33. Copyright© 2022 the authors.
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are attributed to steric effects, which can cause increased
depropagation to reduce steric hindrance, and the reduction of
rotational freedoms of the polymer chain for bulky side chains.
The closer such substituents to the double bond, the larger the
effect.®**° While a decrease of the ceiling temperature for linear
side chains could only be observed for lengths between one and
four carbons,®* much more pronounced effects were discovered
for branched side chains. When different ortho substituents on
phenyl methacrylate were investigated, the ceiling temperature
decreased linearly with the size of the substituent, which was
concluded to be a purely steric effect (Fig. 5).°2 In fact, Kunisada
and co-workers realized that such an effect was further exag-
gerated for conformational constraints. Where substituents
prevented the free rotation of the side chain, ceiling tempera-
tures were even lower than for unconstrained chains.” Steric
factors aside, functional groups on the side chain can also be
exploited for tuning the equilibrium position. If the presence of
functional groups results in strong non-covalent bonding
between individual side chains, the polymerization state will be
favoured since more energy is required to break the backbone
bonds, and the ceiling temperature will be increased.””

When the o-position has a second substituent, as is the case
for AMS or methacrylates, lower ceiling temperatures have
generally been observed due to weaker C-C bonds arising from
the more strained backbones. For itaconates, a monomer class
derived from itaconic acid, depropagation already has a strong
effect on polymer formation well below 100 °C due to their large
a-substituents.”® How much the ceiling temperature is lowered
can also depend on the electronic properties of the second
substituent. When the substituent was an ether, the resulting
ceiling temperature was higher than in the case of an alkyl.*”
Generally, monomers become hard to polymerize for any
substituent larger than methyl.’* o-Ethacrylates already have
ceiling temperatures that are around 150 °C lower than their
methacrylate counterparts.’® As for the primary substituents this
effect is exaggerated for branched substituents.’® The exception
is substitution on the double bond in a ring opening polymeri-
zation, where the effect is reversed since substituents reduce the
steric hindrance in the transition state.'® In summary, the less
substituted a monomer, the higher the electronic stabilization by
the side chain, and the less bulky a vinyl monomer, the higher the
required temperature to achieve effective depolymerization
(Fig. 6). For this reason, the depolymerization of polypropylene
and polyethylene, which are the most widely used consumer
plastics, is very challenging since high temperatures are required
for depropagation, and such a high temperature environment
gives rise to many side reactions, and low monomer recovery.'**

Determining ceiling temperature

Seeing how small changes in the reaction conditions can have
significant influences on the equilibrium position, it is impor-
tant to determine ceiling temperatures and thermodynamic
parameters for effective depolymerization systems. A multitude
of methodologies are available to determine ceiling tempera-
tures, and some of the most straightforward and commonly
used are discussed in this section.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Temperature Requed for Depolymerization

Fig. 6 Temperature required for depolymerization of vinyl monomers, the further to the right the monomer is, the higher the required

temperature to effectively depolymerize its corresponding polymer.

Before choosing a method, it must be clear whether free
radical polymerization (FRP) or a living/controlled polymeriza-
tion is used. In a controlled polymerization, the assumption is
that irreversible termination is minimized, and the MEC can be
directly determined from the final conversion. In FRP this
cannot necessarily be done, and it has been shown that the final
conversion can lie rather far away from the MEC since termi-
nation and loss of propagating species play an important role.*
Especially at high temperatures, the half-life of the radical
initiator approaches the lifetime of the propagating radical
which results in a limited conversion, away from the
equilibrium.®”

Therefore, for FRP another parameter must be used to
determine the ceiling temperature. One option is to measure
the polymerization rate for different temperatures, in the same
way Dainton demonstrated for his initial experimental deter-
minations.®® This is much easier today as modern analysis
methods such as NMR make kinetic studies fast, accurate, and
accessible. The rate first increases as the temperature increases
until a rate maximum is reached, from thereon depropagation
becomes significant and the rate decreases until the ceiling
temperature is reached. It is not necessary to perform experi-
ments up to the ceiling temperature as the curve can be
extrapolated to zero (Fig. 7a).

Another way to conduct ceiling temperature measurements
from FRP was pioneered by Yamada and co-workers.*>'*® Here,
the varying initiation rate at different temperatures is accounted
for.**1° From the apparent rate constant of the polymerization,

decomposition rate (k;), and initiator efficiency (f), as well as the
reaction time (¢), initial monomer concentration ([M],), and
final monomer conversion ([M]), the value (k/k’°) can be
determined from the following equation:

ky M] 1

P n ey

PAE n ( M] ) 27 [I]oo 5 (11)
By determining k,/k’° at different reaction temperatures, its

1
natural logarithm can be plotted against T resulting in a graph

like that shown in Fig. 7b. The ceiling temperature is then the
temperature for which the slope of this graph becomes infinite.

For a controlled polymerization where termination is negli-
gible, a simpler treatment is possible. Here, the