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The thermodynamic equilibrium between ring-opening polymeriz-

ation and ring-closing depolymerization is influenced by

monomer–solvent–polymer interactions, an effect that can be uti-

lized to promote chemical recycling to monomer. Here, the

influence of monomer structure on this solvent effect has been

investigated, showing that the chemical structure of the monomer

influences the power of the solvent to supress the ceiling tempera-

ture. The study also demonstrates how catalyst selectivity can be

utilized to obtain selective ring-closing depolymerization of one

component of a polymer blend, even when the thermodynamics

dictate otherwise.

Ring-opening polymerization (ROP) and the reverse ring-
closing depolymerization (RcDP) has received a great deal of
attention in terms of chemical recycling and the design of
closed-loop monomer–polymer systems.1–3 The reversible
nature of ROP opens up for chemical recycling to monomer
(CRM),1 which is envisioned to play an important role in the
future circular polymer economy.2,4,5 However, the thermo-
dynamic control of the equilibrium between monomer and
polymer makes the design of polymers for CRM via ROP and
RcDP a constant balance between polymerizability, thermal
stability and recyclability. The ROP of smaller cyclic monomers
is often enthalpy driven, i.e. although there is an unfavourable
decrease in entropy upon polymerization (ΔSp), the reaction
continuous due to a favourable decrease in enthalpy (ΔHp).

6–8

Hence, as long as the monomer concentration [M] can
decrease with the total change in Gibb’s free energy ΔGp < 0,

ΔGp ¼ ΔHp � T ΔSp þ R ln
½M�
½M�0

� �
ð1Þ

the polymerization is thermodynamically favoured and will
continue to progress. When ΔGp = 0, the system has reached
equilibrium and [M] = [M]eq. With both ΔHp and ΔSp being
negative, [M]eq will decrease with an increasing temperature,
and the temperature at which [M]eq = [M]0 is therefore called
the ceiling temperature (Tc),

6

Tc ¼ ΔHp

ΔSp
ð2Þ

Hence, for CRM via complete RcDP in a closed system, Tc
can be considered the lowest possible recycling temperature
for complete RcDP. The Tc is closely related to the structure of
the monomer, and monomers with a low or moderate Tc are
desirable for selective and energy efficient CRM.2,3,9 One strat-
egy when developing polymers for CRM is, therefore, to design
the chemical structure of the monomer in a way that generates
a desirable Tc. Some examples of when this has been utilized
are the development of different fused10–12 or bridged13 bicyc-
lic structures with γ-butyrolactone, the synthesis of δ-lactones
with different substituents,14–19 or the benzyl-fused ether/thia-
ε-lactones.20–22 In the cases of the bicyclic γ-lactones, the ring-
closed substituents function as strain inducing elements that
increase the Tc. As an example, the bridged γ-lactone 6-oxabicy-
clo[3.2.1]oct-3-en-7-one has a Tc (at [M]0 = 1 M) more than
250 °C higher (118 °C)13 compared to the non-substituted
γ-butyrolactone (−136 °C).23 The higher Tc, thus, enhances the
polymerizability, while the recyclability is maintained.
However, substitution may also be used to decrease the Tc, and
thereby improve the recyclability, which is the case for the
aforementioned δ-lactones and benzyl-fused ether/thia-ε-lac-
tones. Yet, to meet other material requirements without com-
promising the CRM, a large library of chemically recyclable
polymers with varying properties has to be developed. This
requires both clever monomer designs, as well as an array
RcDP methodologies. One such strategy could be to utilize
external factors, factors other than the monomer structure, to
manipulate the Tc.
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It is well established that the Tc decreases with a decreased
[M]0, since the entropy of the system scales with the concen-
tration. Consequently, RcDP can be promoted by dilution. For
long, this has been considered a pure effect of concentration,
and cases where solvent properties have shown to influence
the polymerization thermodynamics have often been treated
as individual exceptions rather than a general trend. Although
previous observations have indicated otherwise,24 and a
relationship between ΔHp and ΔSp and solvent interactions
was derived over 50 years ago,25,26 this has been poorly utilized
in ROP, and its potential in terms of CRM is fairly unexploited.
However, we were recently able to demonstrate how the solvent
effects the Tc, where strong monomer–solvent interactions
favoured a decrease in Tc.

27 This could be utilized to lower the
recycling temperature of polylactide (PLA), enabling RcDP to
lactide (LA) with high yield and high selectivity, suppressing
unwanted side reactions like epimerization to a minimum. We
have also exploited RcDP in solution for the design of chemi-
cally recyclable A–B–A block copolymers.28 To create a broader
and clearer picture of the solvent effect and its potential in
terms of CRM, we have here analyzed the influence of solvent
on the Tc of three monomers with different chemical features:
δ-valerolactone (δVL), trimethylene carbonate (TMC) and LA
(Scheme 1). The results for TMC in propylene carbonate (PrC),
and for LA in dimethyl sulfoxide (DMSO), dimethylformamide
(DMF), γ-valerolactone (GVL), 1,4-dioxane (DX) and chloroben-
zene (PhCl), were obtained in earlier studies and have pre-
viously been presented elsewhere.27,28 All three monomers are
six-membered cyclic structures, but with varying in-ring func-
tionalities: carbonate (TMC), ester (δVL) and diester (LA). Due
to their different structural features, their initial polymeriz-

ation thermodynamic properties are different. However, we
hypothesized that the chemical structure of the monomer
would influence its ability to interact with the surrounding
solvent and, consequently, have an impact on how much the
Tc is affected by the solvent properties.

The polymerization thermodynamic parameters ΔHp and
ΔSp of δVL were calculated from equilibrium polymerizations
in DMSO, DMF, GVL, DX and toluene (PhMe) (Fig. 1), and for
TMC in DMSO, DMF, DX and chlorobenzene (PhCl) (Fig. 2).
All reactions were performed at [M]0 = 0.5 M with 2 mol%
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) as catalyst (Table S1
and S2 in ESI†). The catalyst was selected based on its activity
towards the monomer–polymer system,29–31 to ensure the equi-
librium was reached, and should not have an influence on the
polymerization thermodynamics. Similar to what was pre-
viously observed for LA, the Tc of both δVL and TMC were
highly influenced by the solvent: the Tc of δVL was decreased
from 160 °C in PhMe (Fig. 1e) to 51 °C in DMSO (Fig. 1c) and
the Tc of TMC changed from 422 °C in PhCl (Fig. 2e) to 146 °C
in DMSO (Fig. 2b). Thus, the results suggest that the solvent
effect on the thermodynamic equilibrium between monomer
and polymer cannot be regarded as isolated cases, but rather
as a general factor that influences the equilibrium conversion
and should, therefore, be considered in the design of both
ROP and RcDP systems. This solvent effect on the polymeriz-
ation thermodynamic equilibrium was described already in
the 1960s, when the Flory–Huggins solution theory,32 and the
interaction parameters Xms, Xsp and Xmp, were used to derive a
relationship between the monomer–polymer equilibrium and
the secondary interactions between monomer–solvent–
polymer.25,26 In the resulting Ivin–Léonard equation,

ΔH°
p

RT
� ΔS°p

R
¼ ln ϕm þ 1þ Xms � Xsp

Vm
Vs

� �� �
ϕs

þ Xmp ϕp � ϕm

� � ð3Þ

where V denotes the molar volumes, the monomer–polymer
equilibrium is described by the equilibrium volume fractions
ϕm and ϕp, while the concentration is given by their relation to
the volume fraction of the solvent ϕs,

ϕm þ ϕp þ ϕs ¼ 1 ð4Þ
Thereby, to illustrate the influence of the solvent on the Tc

(i.e. ϕp = 0), (4) can be rewritten accordingly,

Tc ¼
ΔH°

p

ΔS°p þ R ln ϕm þ 1þ Xms � Xsp
Vm
Vs

� �� �
1� ϕmð Þ � Xmpϕm

� �

ð5Þ
It is worth noting that ΔH°

p and ΔS°p denote the change in
enthalpy and entropy at standard conditions ([M]0 = 1 M, 1 atm,
25 °C), i.e. in an ideal environment where all secondary inter-
actions are neglectable. Hence, ΔH°

p and ΔS°p will deviate from
ΔHp and ΔSp, which are determined experimentally from (1),

Scheme 1 Reaction scheme for the calculation of polymerization
thermodynamic parameters at [M]0 = 0.5 M of (a) δVL in DMF, DMSO,
GVL, DX and PhMe; (b) TMC in DMF, DMSO, PrCa, DX and PhCl; (c) LA in
DMFb, DMSOb, GVLb, DXb and PhClb. aData previously presented else-
where.28 bData previously presented elsewhere.27
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depending on the strength of the actual intermolecular forces
that are present in the system. In addition, the interactions
between solvent and polymer (Xsp) have shown a significant vari-
ation with concentration.33,34 Thus, dilution is not a pure entro-
pic effect, which one should be aware of when using thermo-

dynamic experimental data obtained at one [M]0 to explain an
equilibrium behaviour at a completely different concentration.
Consequently, the thermodynamic data that were utilized in this
study originate from equilibrium polymerization experiments all
performed at the same initial monomer concentration [M]0.

Fig. 1 Polymerization thermodynamics of δVL in (a) DMF, (b) GVL, (c) DMSO, (d) DX, and (e) PhMe, all at [M]0 = 0.5 M. (f ) Theoretical equilibrium
behaviour of ([M]eq/[M]0) in relation to temperature ([M]0 = 0.5 M).

Fig. 2 Polymerization thermodynamics of TMC in (a) DMF, (b) DMSO, (c) DX, and (d) PhMe, all at [M]0 = 0.5 M. (e) Theoretical equilibrium behaviour
of ([M]eq/[M]0) in relation to temperature ([M]0 = 0.5 M).
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Since a small value of, e.g., Xms indicates strong secondary
interactions between monomer–solvent, it can be seen from
(5) that the Tc of a specific monomer–polymer system, at a con-
stant [M]0 (or ϕs), is decreasing with stronger monomer–
solvent interactions and weaker solvent–polymer interactions.
However, the variations in Xms with solvent are usually larger
compared to Xsp, related to the different mixing processes of
small monomers vs. long polymer chains. This is why the
monomer–solvent interactions dominate the impact on Tc.

35

This was verified by the results from our previous study on LA,
where we also showed that the relationship between the
Hildebrand solubility parameters of the monomer and solvent
(δm − δs)

2 and solvent and polymer (δs − δp)
2 could be used as

valid representations of Xms and Xsp, resulting in (6),27

Tc ¼ Aðδm � δsÞ2 þ Bðδs � δpÞ2 þ C ð6Þ

Since δm and δp are constant for a specific monomer–
polymer system, the influence of δs on the Tc (at a constant
[M]0) can be described by (7) (see ESI† for derivation), where
the second derivative (8) can be interpreted as the power of the
solvent effect,

Tc ¼ aδs2 þ bδs þ c ð7Þ

d 2Tc=dδs2 ¼ 2a ð8Þ

Since (8) is independent δs, the size of d2Tc/dδs
2, i.e. how large

is the impact of solvent interactions on the polymerization equili-
brium, should be a unique property of the monomer–polymer
system. It is, hence, reasonable to assume that d2Tc/dδs

2 may vary
with the chemical structure of the monomer.

As previously reported, the change in Tc of LA with δs was
fitted to (7) almost perfectly,27 a trend that, here, was con-
firmed by the thermodynamic behaviour of δVL and TMC in
the different solvents (Fig. 3). To illustrate the importance of
using experimental data obtained at the same [M]0, a literature
value for TMC in THF,36 recalculated to [M]0 = 0.5 M from
experiments performed at [M]0 = 0.03 M, was added to Fig. 3.
The calculations are based on the assumption that the influ-
ence of concentration is purely entropic, a well-established
methodology for calculating and presenting polymerization
thermodynamic data. However, as previously mentioned, the
Xsp is not independent of concentration, and it has shown to
increase with dilution.33,34 Thus, considering (5) and the
decreasing effect that a higher Xsp has on the Tc, to calculate a
Tc at a certain concentration based on experiments performed
at a lower [M]0 would lead to an underestimation of the actual
Tc. This could, hence, explain the discrepancy that can be
observed between the literature data for TMC and the results
obtained from this study (Fig. 3).36

As hypothesized, the power of the solvent effect varied
between the different monomer–polymer systems, where the
d2Tc/dδs

2 for LA (14 K MPa−1) and TMC (15 K MPa−1) were
quite similar, while the d2Tc/dδs

2 for δVL was substantially
lower (3.0 K MPa−1). Since previous data have shown that the
monomer–solvent interactions are the predominant contri-

bution to the solvent effect,35 the proposed explanation to
these differences will emanate from the mixing process of
monomers in solution. In order for the monomer to form sec-
ondary interactions with the solvent (wms) and, thereby, dis-
solve, the intermolecular bonds between monomer–monomer
(wmm) and solvent–solvent (wss) have to be broken. This
process usually entails an increase in energy, which is pro-
portional to the enthalpy of mixing,37

Δw ¼ wms � 0:5ðwmm þ wssÞ / ΔHmix ð9Þ

The unfavourable increase in ΔHmix is compensated by an
increased entropy, though, the larger the ΔHmix is the lower is the
solubility of the monomer in the specific solvent. Consequently,
monomers with stronger intermolecular forces between
monomer–monomer (large negative wmm) show a larger variation
in solubility depending on the secondary monomer–solvent inter-
actions. This would explain, why the power of the solvent effect
(d2Tc/dδs

2) is stronger for the two more polar monomers LA and
TMC, as compared to δVL. Consequently, although it is likely that
the solvent effect on the thermodynamic equilibrium between
monomer–polymer is present in all equilibrium polymerization
systems, its relevance and, thereby, potential in terms of CRM
depends on the chemical structure of the monomer. This could
potentially be utilized in the design of monomers for closed-loop
polymer systems.

However, products and polymer waste streams rarely
contain one single type of polymer, which adds further com-
plexity to the RcDP system. In a previous study, we showed that
PLA could be chemically recycled via solvent triggered RcDP in
the presence of other common polymeric materials, like PP,
PE, PET and PA6.6, without compromising with the selecti-
vity.27 Though, adding PC to the system resulted in both lower
conversion and selectivity in RcDP of PLA to LA. Thus, CRM

Fig. 3 Ceiling temperature (Tc) in relation to δs at [M]0 = 0.5 M of δVL
( ) (solvents: DMSO (26.6 MPa1/2), DMF (24.0 MPa1/2), GVL (23.4 MPa1/2),
DX (20.5 MPa1/2) and PhMe (18.2 MPa1/2)), TMC ( ) (solvents:
DMSO, DMF, PrC (24.8 MPa1/2), DX and PhCl (19.5 MPa1/2)) and LA ( )
(solvents: DMSO, DMF, GVL, DX and PhCl). All data for LA,27 and the data
for TMC in PrC28 were originally presented elsewhere. The literature
data for TMC ( ) is recalculated form equilibrium polymerization experi-
ments performed at [M]0 = 0.03 M in THF (19.2 MPa1/2).36
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via RcDP is not purely a matter of thermodynamics, and for
RcDP of a mixture of polymers, the catalyst selectivity and
kinetical differences can be powerful in terms of selective CRM
of mixed polymer waste.

Due to its low toxicity and good performance in the RcDP of
PLA, as previously reported,27 GVL was selected as solvent for
the mixed polymer RcDP. The RcDP of a mixture of PδVL
(26.9 kg mol−1, Đ = 1.82), PTMC (20.9 kg mol−1, Đ = 1.97) and
PLA (15.0 kg mol−1, Đ = 1.25) was studied in GVL ([M]0,δVL =
[M]0,TMC = [M]0,LA = 0.5 M based on the repeating unit of each
polymer, i.e. [M]0,tot = 1.5 M), in the presence of tin(II) 2-ethyl-
hexanoate (SnOct2, [cat] = 0.05 M) as catalyst. This concen-
tration was selected in order to mimic the conditions under
which the polymerization thermodynamic parameters ([M]0 =
0.5 M) were calculated. The RcDP was started at 80 °C, and the
temperature was, thereafter, increased stepwise by 20 °C up to
140 °C. Interestingly, the experiment resulted in selective RcDP
of PLA up to 140 °C (Fig. 4a). The conversion to LA increased
stepwise with the increase in temperature, in good agreement
with the polymerization thermodynamics of LA in GVL
(Fig. 4b). This indicates that the presence of the PδVL and
PTMC, and the higher total concentration ([M]0,tot = 1.5 M),
did not have strong impact on the thermodynamic equilibrium
between PLA and LA. In contrast to PLA, PδVL was stable in
the system, although RcDP should be thermodynamically pro-
moted (Tc = 74 °C in GVL). This result was rather unexpected,

and quite the opposite to the RcDP behaviour of PδVL ([M]0 =
0.5 M in GVL, 0.05 M SnOct2) at 140 °C without the presence
of other polymers in the system (Fig. 4c), where 95% conver-
sion to δVL was reached within 4 h. A similar observation was
made for PTMC (Fig. 4d), though the equilibrium conversion
to TMC was lower in the single polymer RcDP as compared to
δVL due to the higher Tc of TMC in GVL (165 °C, estimated
from Fig. 3). These differences between single polymer RcDP
and mixed polymer RcDP are similar to observations made for
copolymerization systems of LA and ε-caprolactone (εCL), and
for LA and TMC, utilizing metal-based transesterification cata-
lysts (e.g. aluminum triisopropoxide,38 or magnesium,39 zinc
(II),40 and calcium complexes41). In the case of LA and εCL, it
has often been observed that the successful copolymerization
via sequential addition is reliant on the order of addition, were
the initiation of εCL from PLA often seems prohibited while
the reverse (initiation of LA from PεCL) is feasible.38–40

Similarly, one-step copolymerization of LA and εCL (both
monomers present form the beginning) resulted in homopoly-
merization of LA, while εCL stayed unreacted.40 The copoly-
merization between LA and TMC show a similar, though not
as extreme, behaviour, where the polymerization rate of TMC
is substantially increased after all LA had been consumed,
compared to when unreacted LA units were still left in the
system.41 To our knowledge, the reason for this behaviour of
copolymerization systems with LA has, not yet, been eluci-

Fig. 4 RcDP of polymer mixture of PδVL, PTMC and PLA in GVL ([M]0,δVL = [M]0,TMC = [M]0,LA = 0.5 M). (a) RcDP of polymer mixture from 80–140 °C
with SnOct2 (0.05 M) as catalyst. (b) Relationship between experimentally obtained RcDP of PLA to LA during mixed polymer RcDP (SnOct2 (0.05 M)
as catalyst) in relation to the predicted RcDP of PLA to LA based on previously reported polymerization thermodynamic parameters.27 (c)
Comparison of mixed polymer RcDP and single polymer RcDP of PδVL at 140 °C with SnOct2 (0.05 M) as catalyst. (d) Comparison of mixed polymer
RcDP and single polymer RcDP of PTMC at 140 °C with SnOct2 (0.05 M) as catalyst. (e) RcDP of polymer mixture at 80 °C with DPP (0.05 M) as
catalyst.
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dated. Though, these previous observations could indicate that
the catalyst coordinates to the PLA chain end in a way that inhi-
bits or retards the catalysts activity towards ROP of other mono-
mers. A behaviour that also seems to occur during the reverse
RcDP. To further explain this interesting phenomenon should be
the scope for future studies. Nevertheless, LA could be chemically
recycled selectively from PLA (96% selectivity), even in a mixture
with PδVL and PTMC, by the use of SnOct2 as a catalyst at 140 °C
in GVL. Furthermore, by changing the catalyst, from SnOct2 to
diphenyl phosphate (DPP), which has shown a catalytic activity
towards ROP of the three monomers in the order δVL ≫ TMC ≫
LA,42,43 the RcDP selectivity could be switched to target PδVL.
This enabled selective RcDP to δVL (94% conversion, 97% selecti-
vity) within 23 h at 80 °C (Fig. 4e).

Conclusions

To conclude, this study showed that the power of the solvent
effect and its efficiency in decreasing the Tc varies with the
chemical structure of the monomer–polymer. The results also
support that monomer–solvent–polymer interactions are
general influencing factors that affect the thermodynamic
equilibrium between ROP and RcDP. Interestingly, the Tc of
monomers with a higher polarity show a stronger dependency
on the solvent properties. Thus, in combination with the possi-
bility to tune the Tc of cyclic monomers by introducing or
reducing ring-strain, monomer structures may be designed to
generate stronger monomer–solvent interactions, enabling
more efficient Tc depression by the here studied solvent effect.
In addition, catalyst selectivity can be utilized to obtain selec-
tive RcDP in mixed polyester and polycarbonate streams. Thus,
the combination of thermodynamic and kinetic control, adds
further possibilities to the design and development of chemi-
cally recyclable polymers and CRM systems.
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