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ABSTRACT: The environmental impact of plastic waste has been a real problem for the past decades. The incorporation of cleavable
bonds in the polymer backbone is a solution to make a commodity polymer degradable. When radical polymerization is used, this
approach is made possible by the radical ring-opening polymerization (rROP) of a cyclic monomer that allows the introduction of a
weak bond into the polymer backbone. Among the various cyclic monomers that could be used in rROP, thionolactones are promising
structures due to the efficiency of the C=S bond to act as radical acceptor. Nevertheless, only few structures were reported to be
efficient. In this work, we used DFT calculations to gain better understanding of the radical reactivity of thionolactones and in par-
ticular we focused on the transfer rate constant k. value and its ratio with the propagation rate constant k; of the vinyl monomer. The
closer to 1, the better the statistical incorporation of the two comonomers into the backbone. These theoretical results were in good
agreement with all the experimental data reported in the literature. We thus used this approach to understand the key parameters to
tune the reactivity of thionolactone to prepare random copolymers. We identified and prepared the 7-phenyloxepane-2-thione (POT)
thionolactone that led to statistical copolymers with styrene and acrylate derivatives that were efficiently degraded under accelerated
conditions (KOH in THF/MeOH, TBD in THF or mCPBA in THF), confirming the theoretical approach. The compatibility with
RAFT polymerization was established as well as the homopolymerization behavior of POT. This theoretical approach paves the way
to the in-silico design of new efficient thionolactones for rROP.

afford a new radical capable of propagating with a vinyl monomer.
INTRODUCTION This mechanism results in the incorporation of heteroatoms into the
C—C backbone and consequently in the introduction of cleavable
bonds in the copolymer backbone (Figure 1). The main family of
cyclic monomers used in TROP is cyclic ketene acetal (CKA).!% !
These cyclic monomers have been proposed and extensively stud-
ied by Bailey et al.!? in the eighties and their interest has been re-
juvenated during the last few years. These monomers are very effi-
cient for the copolymerization with vinyl acetate, maleimide and
vinyl ether derivatives. In the case of the copolymerization with
(meth)acrylate and (meth)acrylamide derivatives, the difference in
reactivity between the comonomers led to a lower insertion of the
CKA compared to the initial feed ratio and a compositional drift at
high conversion.'® For styrene and dienes, the high difference in
reactivity impedes their practical use to prepare homogeneous co-
polymers incorporating ester bonds into the backbone.'*

Plastics are omnipresent in everyday life due to their advantages
(light weight, low cost, and stability under thermal, chemical, and
mechanical solicitations) but they produce large amounts of wastes
that accumulate in the environment .'-2 The microplastics generated
thereby have become a major environmental issue.> * This is espe-
cially true for polymers having a backbone consisting of carbon-
carbon bonds, that do not allow chemical degradation by hydroly-
sis. For example, polystyrene is a very common plastic due to its
thermal properties and its resistance to corrosion but it could be
found intact after 32 years in soil.> Another example is polyacry-
lates that are widely used in adhesives, textiles and lubricating oils
for their properties of flexibility, low glass transition temperature
and tunable hydrophobicity. Since it is very difficult but also very
expensive (REACH registration, etc.) to design brand-new materi-
als that could both have the desired properties (mechanical, ther-
mal, solvent resistance, etc.) and that are at the same time either
recyclable and/or biodegradable, transforming already known ma-
terials to make them biodegradable/recyclable is more interesting.
68 This approach relies on the introduction of labile bonds into the
polymer backbone. The degradation could thus occur from these
weak bonds leading to oligomers that could be easily chemically
recyclable and/or bio-assimilable. One technique for producing this
kind of material is the radical ring-opening copolymerization
(rROP) of a cyclic monomer with a common vinyl monomer.” 10
The polymerization occurs via the addition of radicals onto cyclic
monomers bearing an exo-methylene function or equivalent groups
followed by a fragmentation of the intermediate cyclic radical to
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Figure 1. a) Mechanism of rROP. b) Preparation of degradable pol-
ymers via rROP

Moreover, the main drawback of CKAs is also related to their sen-
sitivity to protic sources and the competition between the two
mechanisms of propagation, ie ring-opening and ring-retaining.'®
To circumvent such drawbacks, Roth!® and Gutekunst!” recently
proposed thionolactones as new cyclic monomers for rROP by tak-
ing advantages of the higher reactivity of the C=S bond than the
C=C bond as radical acceptor. Among a library of six thionolac-
tones, dibenzo[c,e]-oxepane-5-thione (DOT, Figure 2) was shown
to copolymerize efficiently with acrylate, N, N-dimethylacrylamide
and maleimide and to produce copolymers with thioester units in-
serted into the backbone. !¢
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Figure 2. Thionolactones already prepared in the literature.

In the case of MMA and styrene, it was reported that there was no
incorporation of DOT into the polymer, whereas the

copolymerization with vinyl acetate inhibits the polymerization.!®
17 Since then, Destarac and Harrisson,?” in parallel with our group,?!
presented thionocaprolactone (thCL, Figure 2) as an efficient thi-
onolactone to copolymerize with vinyl acetate. We also started
gaining better understanding of the DOT reactivity via a joined ex-
perimental/theoretical study. We showed that contrary to some data
in the literature, the copolymerization with styrene at 80 °C is pos-
sible but with a lower reactivity of DOT compared to styrene. The
reactivity of this couple of monomers could nevertheless be modi-
fied at higher temperature (150 °C)?? with the reactivity ratio of
styrene (rs) and DOT (rpor) measured at 0.55 and 1.68 respec-
tively. We then succeeded to obtain a poly(S-co-DOT) with a high
molecular weight (M, = 75,000 g.mol") using 5 mol% of DOT at
150 °C in bulk. The copolymer presented similar mechanical and
thermal properties than polystyrene but could be degraded into ol-
igomers (M, below 1,000 g.mol!) within 1h at room temperature
in the presence of a 2.5 wt% solution of 1,5,7-triazabicy-
clo[4.4.0]dec-5-ene (TBD) in THF.?2 We also recently determined
the reactivity ratio of DOT (rpor = 1.6) and methyl acrylate (rva =
0.2) during the copolymerization of these two monomers in anisole
at 80 °C in the presence of 1 mol% of AIBN as radical initiator.??
Additionally, DOT was recently extended to dispersed media,?* 2’
network?® and 3D printing!!. Recently, Roth and coworkers?’ pro-
posed a new thionolactone structure, i.e. the 3,3-dimethyl-2,3-di-
hydro-5Hbenzo[e][1,4]dioxepine-5-thione (DBT, Figure 2) that is
reported to homopolymerize, to copolymerize with styrene and
methacrylate derivatives but not with terz-butyl acrylate. Neverthe-
less, the copolymerization with styrene is not ideal with a tendency
to polymerize DBT first and styrene in a second time. In the case
of methacrylate derivatives, the results are opposite with the incor-
poration of DBT only at the end of the polymerization. Satoh?® and
Destarac®® developed in parallel thionolactide (TLD, Figure 2) as a
new monomer for rROP. This compound copolymerizes with sty-
rene and acrylate derivatives but with a high proportion of ring-
retained moieties in the backbone. Reineke and coworkers® also
reported a six-membered thionolactone, the thionoisochromanone
(TIC, Figure 2), that copolymerizes with styrene but also with an
undesired ring-retaining mechanism.

According to these studies, only a few thionolactones are available
so far to prepare degradable vinyl-based copolymers, and with a
peculiar reactivity that could be worthwhile to more finely tune. In
this work, we thus aimed at gaining better understanding of the
structure-reactivity relationship leading to efficient rROP for the
thionolactone family. This will help to design in silico new struc-
tures and ultimately, their reactivity may be thereby rationalized
tuned. We will focus exclusively on styrene and acrylate deriva-
tives since thionolactones with low, moderate and good reactivity
are already reported with these monomers. Reactivity ratios for the
copolymerization with styrenic and acrylate derivatives closer to 1
at temperature 80-100 °C were targeted to ensure the random in-
corporation of the weak bonds into the polymer backbone.

RESULTS AND DISCUSSIONS

DFT calculations. The first part of this study was to understand
the reactivity of thionolactones via DFT calculations. Our approach
is based on the determination of rate constant of the different steps
of the radical ring-opening polymerization, that is the addition of
the propagating radical onto the C=S bond, the reverse addition that
releases the same radical and the original thionolactone and the -
scission of the radical intermediate that leads to the incorporation



of the thioester bond in the polymer chain and the release of a new
propagating alkyl radical (Figure 3).
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Figure 3. Elementary steps relevant to the radical ring-opening co-
polymerization of thionolactones with vinyl monomers and the cor-
responding rate constants. With k.44 as addition rate constant, k_aqd
as reverse addition rate constant, ks as fragmentation rate constant
and k;, as propagation rate constant.

In a previous study, we used the transfer rate constant 4 that is a
complex rate constant combining the three steps and that describes
the addition-fragmentation process.?? This constant was then com-
pared with the propagation rate constant of the vinyl monomer as a
good way to evaluate the reactivity of the comonomer pair (Figure
4) by determining the ryiny reactivity ratio. Indeed, in these materi-
als, the cyclic monomer is usually inserted as an additive (below 10
mol%) and thus the growing macroradicals are mainly the polyvi-
nyl ones. Thereby, we could save computational time and avoid
computing the Fihionolactone ré€activity ratios. We showed in particular
the negative Arrhenius behavior of such ratio that was experimen-
tally proven in the case of the DOT/styrene copolymerization.??

In this study, we only focused on structures that undergo efficient
ring-opening and thus we discarded TLD? 2° and TIC?® that
showed moderate to high ring-retaining propagation. We thus ap-
plied the same methodology on three of the six originally prepared
thionolactones to validate our approach (Table 1). As previously,
we used B3LYP/6-31G(d) as method of DFT calculation because

we already showed that the reactivity of CKA!4 33! and thionolac-
tones?> was well described with this method and that the use of
more sophisticated levels of theory (BMK, G3MP2RAD and a
larger dataset) was at the expense of the calculation cost without
better correlation with the experimental data. As done already in
our previous papers, we used tabulated pre-exponential factors,'*
152231 instead of the one that can be obtained using DFT calcu-
lations. Even if the entropy associated for certain vibrations is
correct, hindered rotations occurring in cyclic molecules cannot
be properly taken into account.

In particular for radical addition reaction, we used Aua = 108 L
mol™ s as recommended by Fischer and Radom?? and for the
unimolecular B-fragmentation, a value of Ag = 10"* L mol” s!
was used for the B-scission and inverse radical addition.** The
result of the DFT calculations as well as the k- values and the ratio
kp/kye are summarized in Table 1.

The first observation is that in agreement with the study of Roth,'¢
DOT is the most efficient thionolactone since its ky/ky value is
roughly close to unity compared to values that are higher by 2-5
order of magnitude for thionolactones 1, 2 and S. Since many ap-
proximations (gas phase, model molecules, etc.) were used during
these calculations, only relative values between different structures
are of interest. Besides this preliminary finding, other conclusions
could be done. First, the addition rate constant k.4 is dictated as
expected by the group in a position to the thionocarbonyl, with val-
ues one order of magnitude higher when an aromatic group is pre-
sent (structure 1 compared to 2-5 and DOT). The presence of a sta-
bilizing group on the released radical do not affect such value
(structures 2 and 5). For the -scission, we could observe a drastic
increase of the kg between 2 and S that is due to the stabilizing
properties of the ethyl group. It is more difficult to see the influence
of the group in a position to the thionocarbonyl since both groups
were changed between 1 and 5.

We already showed experimentally using thCL and thDL that an
alkyl group inserted on the released radical did not drastically im-
prove the efficiency of the radical ring-opening polymerization.
The kp/ky for DBT is very instructive. Its value for styrene is two
orders of magnitude lower than the one for DOT and lower than
unity, meaning that PS macroradical is more prone to add on DBT
than on styrene thus indicating higher reactivity of DBT than DOT
on styrene. This theoretical result is in good agreement with the
experimental since DBT polymerizes non-randomly with DBT re-
acting first and styrene latter.
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Figure 4. Methodology used to estimate the copolymerization behavior between thionolactones and vinyl monomers. a) DFT Calculations
using the B3LYP/6-31G(d) level of theory and tabulated frequency factors. £, = AH*(298K) + mRT with m the molarity of the reaction
and T=353K. b) definition of the transfer constant k. ¢) Determination of the k,/ki ratio to estimate the copolymerization behavior.

Table 1. Computed values for the addition rate constant kaqg, B-scission rate constant kg, reverse addition rate constant k.,qq, transfer rate
constant ki all defined in Figure 4 and the ratio between ki and the propagation rate constant &, of styrene and acrylate derivatives calculated
using the same approach for the experimentally prepared thionolactones (80 °C)
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Table 2. Theoretical values (80 °C) of the addition rate constant k.44, B-scission rate constant kg, reverse addition rate constant k.aqq, transfer
rate constant ki all defined in Figure 4 and the ratio between ki and the propagation rate constant &, of styrene and acrylate derivatives

calculated using the same approach for in-silico designed thionolactones
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The ky/ki: for DBT and acrylate derivative is also very informative
since this value is one order of magnitude lower than the one with
styrene. We could then expect an even more pronounced inhomo-
geneous incorporation that is observed experimentally with only
poly(DBT) that is produced without any polymerization of the
acrylate derivative. These preliminary results confirmed the al-
ready available experimental data but the structural diversity (ring
size, presence of a stabilizing group either or both in a to the thion-
ocarbonyl and on the released radical) of the structures (1,2,5, DBT
and DOT) that have been prepared by Roth and coworkers'® im-
pede to clearly understand the key parameters to design efficient
thionolactones.

In-Silico design of new thionolactone. Other structures were then
calculated that will only differ in one feature to investigate in more
details the reactivity of the thionolactone family. These structures
and their calculated rate constants are presented in Table 2. We first
designed and calculated a thionolactone bearing an aromatic group
in o position to the carbonyl moiety and a phenyl stabilizing group
on the released radical (6) and compared it to the DOT structure.
Indeed, in this case both compounds will have a stabilizing group
for the radical addition and for the released radical. As expected,
the compound has a ky/ki. value that is relatively low compared to
the thionolactones 1, 2 and 5 prepared by Roth.!® Nevertheless, the
values (164-298) are still higher than the ones of DOT (13-31) and
thus will impede its use in rROP. To highlight the influence of the
various structural parameters, we then focused and calculated
seven-membered ring thionolactones with only one phenyl stabiliz-
ing group (7 and 8). The addition rate in the case of styrene of the
propagating radical onto the C=S bond is lower when the aromatic
ring in o position of the carbonyl is removed (kaq close to 107 in-
stead of 103-10* L.mol"!.s") but at the same time the selectivity be-
tween B-scission and inverse radical addition decreased, leading to
higher kp/kq values. This led to an unexpected low ky/k; value for
thionolactone 8. With this result, we presumed that increasing the
stabilization of the release radical could modify the kp/kq value. We
thus designed thionolactone 9 that possesses a pendant phenyl
group at the released radical position, ie. in epsilon position to en-
hance the stabilization of the released radical (styryl instead of ben-
zyl like radical) and thus increase the selectivity of the fragmenta-
tion. Upon calculation, the thionolactone 9 presents the closest

kp/ky: for copolymerization both with styrene and methyl acrylate.
Compared to 8, the B-scission is clearly favored by the better stabi-
lizing effect of the radical and the selectivity between B-scission
and inverse radical addition is strongly increased. To confirm ex-
perimentally these calculations, the thionolactone 9 was then syn-
thesized and its (co)polymerization with vinyl monomers has been
investigated, as described below.

Synthesis of the thionolactone monomer. The 7-phenyloxepane-
2-thione (POT, 9) was prepared in a two steps process (Figure 5).
A Baeyer-Villiger oxidation was first performed on phenylcyclo-
hexanone to obtain the corresponding lactone using a published
procedure (93 % yield).3¢ The second step is the thionation of the
lactone using the Lawesson’s reagent in anhydrous toluene that
gives the POT monomer in 50 % yield as a brown oil that solidified
upon cooling.

(0] [0}
mCPBA o)
_—
DCM, r.t., 18 h
o S
[e) Lawesson’s reagent
_—

Toluene, reflux, 5h

Figure S. Preparation of 7-phenyloxepane-2-thione (POT)

The synthetic route is straightforward and allows to prepare easily
POT in multigram scale. To compare with the synthesis of DOT
and POT, we performed a preliminary economical study using the
catalog price of the reactants from our local supplier. The price for
preparing POT was estimated to be close to 50% lower than that of
DOT. The detail of the calculation is given in ESI.

The first copolymerizations with styrene and methyl acrylate were
then performed at 80 °C with 1 mol% of AIBN as an initiator fol-
lowing the pioneering work of Roth and coworkers.'® To perform
and monitor easily the copolymerization, we used anisole as a sol-
vent (30 mol%) and followed the polymerization by '"H NMR spec-
troscopy. In this preliminary study, only 5 mol% of POT were used
as an additive to impart degradability without changing the



properties of the polymer. After 90 and 60 min respectively for sty-
rene and methyl acrylate, we observed in both cases a color change
from brown to pale yellow suggesting the isomerization of the C=S
bond from thionoester to thioester occurring via the B-fragmenta-
tion process. The conversion determined by 'H NMR for styrene
and POT reached 40 and 50 %, respectively, whereas the conver-
sion of acrylate and POT reached 70 and 100%, respectively. The
obtained copolymers are in the same range of molar masses, close
to 15,000 g.mol"!. The rather similar conversion for both monomers
is promising since we could expect a random incorporation of the
monomer into the copolymer backbone and thus a rather good deg-
radation profile. The 'H NMR spectra before and after polymeriza-
tion are depicted in Figure 6a with the structure of the polymer ob-
tained after the radical ring-opening copolymerization of POT with
the vinyl comonomer (styrene or methyl acrylate). It is worth not-
ing that there is no signal originating from ring-retaining polymer-
ization (no '*C signal between 60-100 ppm).28-3° The degradation
of these two preliminary copolymers was then studied using accel-
erated conditions.

a) c)

b) d)
—— P(S-co-POT)
=== P(S-co-POT) deg TBD
= P(MA-co-POT)
~~~~~~~ P(MA-co-POT) deg iPrNH,

PS PMA

Mn 1 42,700 16,500
g.mol-
) 16 185
Mn

deg | 2530 1,200

g.mol-

Ddeg| 16 32 i

We already showed that the degradation of polystyrene containing
thioester moieties required 1,5,7-triazabicyclo[4.4.0]dec-5-ene
(TBD) as a base in THF?2 whereas the one of polyacrylate deriva-
tives could be done using either aminolysis or hydrolysis using
KOH in a THF/MeOH solvent.!® !7 The results of the degradation
are presented in Figure 6b. A 2.5 wt% solution of TBD in THF was
used for the degradation of both poly(S-co-POT) during one hour
at room temperature and aminolysis using N-isopropylamine for
poly(MA-co-POT). Both polymers showed an important decrease
of the M, (2,500 g.mol-1, b =1.6) and PS oligomers of DP 21-23
were obtained. This value is in good agreement with the theoretical
one with 5 mol% of POT (theoretical DP=20). For poly(methyl
acrylate), the length of oligomers is rather similar but with a higher
dispersity, suggesting a lower random incorporation of thioester
moieties than during the copolymerization with styrene. This result
nevertheless confirmed that statistical incorporation of POT oc-
curred during the copolymerization of the two vinylic monomers.
This also confirms the better efficiency of POT than DOT to co-
polymerize with styrene and acrylate derivatives.

I'+i+g+h

0° 10° 10°

Molar Mass (g.mol'1)

rrrrrrrr1rr1ryrysrs~r1 1 v 1 v 717
240 220 200 180 160 140 120 100 80 60 40 20
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Figure 6. rROP of vinyl monomer (styrene (blue) or methyl acrylate (red)) with the thionolactone POT. b) SEC traces of poly(S-co-POT)
and poly(MA-co-POT) before (plain line) and after TBD degradation (dashed and dotted lines). 'H (c) and '*C (d) NMR of POT and the

poly(MA-co-POT).

Copolymerization behavior. After the proof of concept, the co-
polymerization behavior of POT was further investigated by deter-
mining the copolymerization ratios. DOT is up to now the most
efficient thionolactone to copolymerize with styrene and acrylate
with reactivity ratios at 80 °C in the case of styrene: rs = 2.0 and
rpot = 0.3 and in the case of methyl acrylate: rva = 0.2 and rpor =
1.6. These reactivity ratios led nevertheless to a composition drift
with increasing conversion. POT was designed to be an alternative
of DOT and according to the DFT calculations, we could expect a
more random incorporation of the two comonomer into the polymer
backbone. To validate this hypothesis, we thus measured the

reactivity ratios of POT with styrene, and the bulky isobornyl acry-
late (IBA) that led to high 7, acrylate that facilitates purification
and handling (Figure 7). Molar mass distribution in case of PIBA
were determined using an universal calibration and Mark-
Houwink-Kuhn-Sakurada parameters.3” The polymerizations were
done in anisole (50 mol%). The reactivity ratios were then evalu-
ated first by fitting the evolution of the feed ratio versus the overall
molar conversion (Figure 7a and 7b) using the Skeist equation and
anonlinear least-squares (NLLS) method (Meyer—Lowry method).
We also used the CONTOUR software (see ESI for details) to con-
firm these values and calculate the 95% joint confidence interval.



The experiments with styrene led to reactivity ratios close to unity
(rs = 0.8, rpor = 0.9) showing no compositional drift even at high
conversion. In the case of IBA, the values are less ideal at rigoa =
0.3 and rpor = 1.4, indicating a slight decrease of Fpor with conver-
sion (Figure 7b). These reactivity ratios are nevertheless greatly im-
proved for styrene and slightly improved for acrylate derivatives
compared to DOT. With these reactivity ratios, it is possible to plot
the evolution of the instantaneous and the cumulated fraction of in-
serted thioester bonds into the polymer backbone versus the overall
monomer conversion (see ESI for details). Such plot is represented
in Figure 7c-d for an initial feed ratio of 5 mol% in thionolactone

and it allows to visualize the compositional drift that occurred dur-
ing the reaction. The same plot for DOT in the same copolymeri-
zation system is also reported in the same Figure 7c-d. Experi-
mental data for POT were also added to support the theoretical
value (see ESI for details). The impact of POT compared to DOT
is clearly apparent especially for styrene and is less pronounced for
acrylate derivatives. In all cases (DOT and POT) for the polymer-
ization of acrylate derivatives, the conversion has to be kept below
60-70% conversion to still have insertion of thioester moieties into
the polymer backbone.
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Figure 7. Experimental and theoretical POT monomer composition versus overall molar conversion during the solution copolymerization at
80 °C initiated with 0.5 mol% AIBN of POT (5 mol%) and : a) Styrene with s = 0.8 and rpor = 0.9; b) isobornyl acrylate with 7pa = 0.3
and rpor = 1.4. ¢) Cumulated average molar composition in thioester of the copolymers. d) Instantaneous average molar composition in

thioester of the copolymers.

Degradation studies. Since we know that POT is efficiently in-
serted into polymer chains for both styrene and isobornyl acrylate,
we then focused on the properties of the materials and in particular
their degradation conditions.

Unlike DOT,*® the POT monomer is more soluble in both styrene
and isobornyl acrylate. We used the procedure already reported by
Johnson et al.3® to determine precisely its solubility in styrene. At
room temperature, the POT solubility in styrene is 24 mol% that is
drastically higher than DOT solubility in styrene (2.7 mol%). This
will help us to target high molecular weight polymers.

We then prepared two virgin polymers of PS and PIBA with 5
mol% of POT at 80°C. The polymerizations were first performed
for 15 h at 80°C initiated with 0.2 mol% AIBN to increase the mo-
lecular weight. The polymerization of styrene was performed in
bulk whereas the one of isobornyl acrylate was performed with 30
mol% of anisole. Conversions were close to 94% for styrene and

85% for IBA. The characteristics of the polymers are gathered in
Table 3. The degradation of the copolymers was then studied using
accelerated chemical conditions. The result of the degradation is
presented in Figure 8. We first used the classic basic degradation
using KOH 5 wt% in THF/MeOH for 17 hours. For both copoly-
mers, we observed a complete degradation that led to oligomers of
M, =3,100 g.mol"! (DP=28) and 6,400 g.mol"! (DP=30) for PS and
PIBA, respectively. Aminolysis of PIBA via iPrNH2 following the
protocol of Roth!¢ gives similar degraded products. Unlike P(S-co-
DOT), the incorporation of POT in polystyrene led to partial ami-
nolysis using the same protocol. The better degradation could be
due to an enhanced accessibility due to more flexible C4 alkyl moi-

ety compared to the rigid bis-aromatic structure of DOT. When
more drastic conditions (100 % n-butylamine at 50°C for 15 hours)
were used for aminolysis, we observed similarly to DOT, the total
degradation of the P(S-co-POT).We then explored the oxidative



degradation of the copolymers and tested the oxone degradation
conditions that were reported by Roth.>

Table 3. Characterization of S/POT and IBA/POT copolymers prepared at 80°C and 120°C before and after TBD degradation.

Monomer: M, M,, (g.mol D T.(C) Degradation M, (g.mol'!) M, (g.mol") D
POT (g.mol") D] ¢ conditions degradation degradation degradation
P(S-co-POT) 95:5 16,000 33,000 2 87,4 TBD 2.5 wt% in 2,400 4,100 1.7
80°C THF
P(IBA-co- 95:5 25,000 51,000 2 72 TBD 2.5 wt% in 5,500 13,450 25
POT) 80°C THF
P(S-co-POT) 97.5:2.5 47,000 100,000 2. 92 TBD 2.5 wt% in 6,200 10,900 1.75
120°C 1 THF
P(IBA-co- 97.5:2.5 51,800 98,000 1. 77 TBD 2.5 wt% in 8,100 12,600 1.6
POT) 120°C 9 THF
a)
——P(S-co-POT) — P(IBA-co-POT)
——deg m-CPBA ——deg m-CPBA
——deg KOH ——deg KOH
gzg g’:ﬁ?_le ——deg Oxone
) 9 oD I deg iPrNH,
°g ———deg TBD

deg n-Butylamine

10° 10* 10° 10°

Molar mass (g.mol_1)

10* 10°% 108 107

Molar Mass (g.mol_1)

103

Figure 8. Evolution of the molar mass distribution of a) P(S-co-POT) and b) P(IBA-co-POT) prepared at 80°C and 5%POT before and after

various degradation conditions.

It has to be noted that similar oxidative degradation conditions were
also reported by Destarac and coworkers?® with bleach on PVAc.
In both cases, the oxidants were placed in water solutions.

When the copolymer is water-soluble, the degradation was very
rapid®® and when PV Ac was tested due certainly to its hydrophobic
nature, weeks?® were necessary to observe degradation. We started
with oxone degradation conditions and monitored the evolution of
M, versus conversion for one day. We did not observe any degra-
dation whatever the copolymer used. To speed-up the degradation,
we then moved from water-soluble oxidant to organo-soluble oxi-
dant and selected meta-chloroperbenzoic acid (mCPBA). Both PS
and PIBA copolymers were efficiently degraded at room tempera-
ture for 17 hours in a solution of THF containing 2.5 mol% of
mCPBA whereas the polymers without thionolactone was not im-
pacted (see Figure S8). These new degradation conditions present
the advantage to selectively degrade thioester moieties without us-
ing a strong base that could lead to side-reactions.

In all successful conditions, the molar mass distributions of oligo-
mers are rather similar with average values of 3,000 and 6,000
g.mol-1 for PS and PIBA respectively. The nature of the chain-end,

the presence of impurities in the degradation peak and the purifica-
tion conditions are responsible for such small differences. To in-
vestigate the random character of the POT insertion, we used the
analytical approach developed from Van Herk and coworkers*’ that
allow to theoretically create molar mass distribution using reactiv-
ity ratio and feed ratio as input parameters. By using 10% conver-
sion increment and addition of the different mass distribution it is
possible to simulate the cumulative distribution of the degraded
products (see ESI section 8 for details). The evolution of the M,
and D of the degraded products were presented on Figure 9a. When
similar reactivity ratios were used, the M, of the degraded products
and P were constants, whereas during the compositional drift, the
M, increased as well as the dispersity (from 2 to 3 above 60% con-
version). Such theoretical distributions were then compared with
experimental ones on Figure 9b (The degradation using TBD was
chosen for styrene and aminolysis for PIBA). In both case there is
arather good agreement between experimental and theoretical data.
The theoretical and experimental degradation in the case of POT —
Styrene was very similar confirming the very good homogeneity of
the degradation products. The one for POT — IBA was less similar,



which could come from some branching*' (occurring at moderate
or high conversion) or molar mass determination accuracy that
could happen using universal calibration for oligomers.

To increase the differences between the virgin and degraded mate-
rials, we tried to increase the molecular weight of the polymers by
preparing them at higher temperature. Our calculations on k,/k val-
ues showed a low temperature dependence (see ESI Table S22 for
details) and we could thus expect to have the same reactivity and
therefore random copolymers with these conditions. We thus per-
formed the copolymerization of POT with styrene and IBA at 120
°C without initiator and with 2.5 mol% of POT. In both cases, we
obtained 99% conversion of POT, 90 % conversion of IBA and 99
% of S. The M, increased up to 40-50,000 g.mol"! (see Table 3 for
details). Under the same degradation conditions, oligomers of DP
in rather good agreement with the amount of incorporated POT
could be obtained (Figure S9). This confirms that the length of the
oligomers is not impacted by the chain length of the polymer but
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only by the amount of initial POT added in the polymerization me-
dium. With higher M, for the pristine copolymer, the percentage of
M, reduction is higher and reached 85% and 89% for the polysty-
rene and PIBA respectively.

Compatibility with RAFT polymerization. We showed that the
POT could be a valuable alternative to DOT to obtain degradable
organic polymers. We thus investigated its compatibility with
RDRP (reversible-deactivation radical polymerization) technique,
and we chose to test RAFT polymerization since this process is
compatible with the temperature we already tested. The preliminary
studies of Roth'® and Gutekunst'” combined DOT copolymeriza-
tion and RAFT but do not compere the block copolymer efficiency
with and without thionolactone. Later, Guillaneuf?> and Johnson3!
showed that DOT copolymerization is also compatible with NMP.
To ensure the compatibility of POT and RAFT, we aimed at pre-
paring block copolymers with styrene and IBA.

Theoretical degraded PS
Theoretical degraded PIBA
""""" Experimental degraded PS

- - - -Experimental degraded PIBA

10? 10° 10* 10°
Molar mass (g.mol™")

Figure 9. a) Evolution of M, and P for the degraded products from PS and PIBA containing POT copolymer using the analytic approach
from Reference *. b) Experimental and theoretical molar mass distribution of the PS and PIBA degraded products.

In the case of these monomers, the best order to prepare diblock
copolymer is to synthesize first a PS macroinitiator to reinitiate the
polymerization of IBA. As POT is compatible with both mono-
mers, we added either POT in the first block or in the second block
or both (Figure 10). Two PS macroinitiators were prepared having
or not 5 mol% of POT. We used the 2-(dodecylthiocarbonothi-
oylthio) propionic acid (DoPAT) as RAFT agent and performed the
polymerization in bulk at 80°C for 20 hours. Macroinitiators with
M, close to 9,000 g.mol"!. were obtained (see ESI for details). A
closer analysis of the molar mass distribution of the macroinitiators
with and without POT showed a broadening of the distribution (P
from 1.13 for PS-RAFT to 1.28 for P(S-co-POT)-RAFT, Figure S4).
Similar results were already observed in the case of DOT - styrene
copolymerization made via NMP.?? Since the C=S bond of the
RAFT agent absorbs at 290 nm, the livingness of the polymers was
investigated by double detection SEC (DRI and UV at 290 nm),
The UV signal of the P(S-co-POT)-RAFT presented also a broad
chromatogram that suggested two kinds of polymer chains (Figure
S5). The majority of polymer chains are low D polymer chains end-
functionalized by the dithioester functionality and some chains still
have the dithioester functionality but seems deactivated. Similar re-
sults were obtained by NMP (see ESI section 6 for details). This
result could be explained by the irreversible trapping of the POT
intermediate by the RAFT end-group. Such side-reaction has been
already reported in the case of CKA — NMP polymerization*? and
it has been reported that the cyclic thionocaprolactone (thCL) in-
termediate could be involved in the propagation of the thCL — vinyl
acetate pair depending of the experimental conditions,?*2! showing

its ability to add on thCL or vinyl monomers To confirm such hy-
pothesis, polymerization with various amounts of solvent were per-
formed and as expected the higher amount of solvent led to the
minimal amount of side reaction (Figure S6). However, at high di-
lution it was not possible to obtain high conversion and high molar
mass PS, thus 50 mol% of anisole was used as an optimal amount
of solvent. From these two macroinitiators PS-RAFT and P(S-co-
POT)-RAFT, the polymerization of IBA without or with 1 mol%
of POT was then performed.

We chose this amount of POT since it will allow an insertion of
thioesters units above to 2 mol% up to 45% conversion Figure S3).
All the details of the polymerization are given in the ESI in Table
S33 and S34. In all cases, there is a rather good re-initiation effi-
ciency of the polymerization of IBA with block copolymers having
M, in the range of 20,000 g.mol"".

A tailing of the molar mass distribution is nevertheless observed
when the P(S-co-POT) was used as expected due to the side-reac-
tion described above. Increasing the amount of POT in the second
block synthesis do not impact significantly the tailing (see Figure
S7 for detail). The degradation using TBD at room temperature for
1 hour was then performed on all the block copolymers and showed
the expected degradation profiles. The molar mass distributions be-
fore and after degradation via TBD are shown in Figure 10. The
reference P(S-b-IBA) was not impacted by this degradation condi-
tions (Figure S10). When a pure PS block was used and POT was
inserted only in the second block, the degradation of the block co-
polymer led to a polymer with a M, close to the fist PS block that
is attached to the residual PIBA Degraded PIBA chains are then



mixed with the first PS block and this could explain the rather broad
distribution of the degraded products (see ESI section 8.2 for de-
tail).
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Figure 10. Evolution of the molar mass distribution before and af-
ter TBD degradation of a) PS-b-(PIBA-co-POT) diblock

copolymers prepared from a PS-macroRAFT agent, b) P(S-co-
POT)-b-(PIBA) diblock copolymers prepared from a P(S-co-POT)
macroRAFT agent, ¢) P(S-co-POT)-b-(PIBA-co-POT) diblock co-
polymers prepared from a P(S-co-POT) macroRAFT agent. The
P(S-co-POT) macroRAFT agent was prepared using 5 mol% of
POT and the reinitiation with IBA was done with and without 1
mol% of POT.

When POT is inserted into the first block and not in the second
block, the degradation released only the second block PIBA whose
M, value is close to the one obtained by subtracting the M, of the
first block to the one of the copolymer (diblock M, = 14,900 g.mol
!, M, of the PIBA block = 7,750 g.mol!). A dual detection SEC
confirmed the absence of a UV signal at 254 nm and thus in that
case PS was discarded in the mixture (Figure S11 in ESI). When
POT was inserted into the two blocks, the degradation products
have the smaller M, confirming the degradation of both blocks and
the rather good efficiency of this technique. More studies are nev-
ertheless required to investigate in detail the living character and
compatibility of thionolactone and RDRP polymerization,

Homopolymerization of thionolactone. The last point to investi-
gate concerning the development of a new monomer for radical
ring-opening polymerization concerns its ability to homopolymer-
ize. CKAs and in particular 2-methylene dioxepane (MDO) are
known to readily homopolymerize to obtain polyesters. There is
only few data concerning the homopolymerization of thionolac-
tones. Roth et al. reported the difficult homopolymerization of
DOT with less than 10% conversion in 7 days at 60°C."° The same
authors also reported the AIBN-initiated free-radical polymeriza-
tion of DBT that reached 35% conversion after heating at 70 °C
overnight.?” The polymer was characterized by NMR but not by
SEC due to solubility issues. The homopolymerization of TIC was
also reported but similarly to DOT, the polymerization proceeded
slowly with 75% conversion reached after eight days at 70 °C in
DMF. In addition, the produced polythioester has a low M, (2,000-
7,500 g.mol ™). Since the ring-opening of POT produces a styryl
like radical, the predicted ki value could be seen as a theoretical
propagation rate coefficient k. At 80 °C, the value is very low com-
pared to styrene and thus can only allow to prepare small oligomers.
To find a more efficient k, value to reach acceptable polymerization
kinetics, we plotted on Figure 11a the evolution of & (that is in this
case the &, value of POT) with temperature and compared it with
the &, of styrene determined using the same level of theory.

To have an efficient propagation rate constant, the use of 120 °C
seems a better temperature to perform the polymerization since we
could expect a similar k&, value for POT than the &, value of styrene
at 80°CWe thus investigated the homopolymerization of POT at
this temperature. The polymerization was performed in the pres-
ence of anisole (33 mol%) to solubilize the VAM-111 azo initiator
(0.5 mol%). The polymerization was followed by 'H NMR spec-
troscopy (see Figure S13). After 22 hours, the conversion was com-
plete, and a waxy polymer was obtained. A polythioester with a M,
of 5,500 g.mol! with a D of 2 and a T, of 1-2°C was obtained.
These preliminary results confirmed the interest of POT as a possi-
ble route to prepare poly(thioester)s. This will be investigated in
detail in a further study.
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CONCLUSION

Thionolactones have been recently introduced as new promising
monomers for radical ring-opening polymerization. Nevertheless
only two structures were really efficient and only one
(dibenzo[c,e]-oxepane-5-thione (DOT)) could be used for the acti-
vated monomers (styrene, acrylate, acrylamide derivatives). In this
work, we showed that estimation of the kp/kw by DFT calculations
help to understand the peculiar reactivity of thionolactones. Thanks
to this approach experimental results previously reported for a se-
ries of thionolactones could be rationalized. Secondly the better un-
derstanding of the thionolactone reactivity allowed us to design a
new efficient thionolactone, i.e. the 7-phenyloxepane-2-thione
(POT). An experimental study confirmed the good copolymeriza-
tion behavior of this thionolactone with styrene and isobornyl acry-
late as a model for acrylate derivatives. A detailed kinetic analysis
led to reactivity ratios of s = 0.8 and rpor = 0.9 for the POT -
Styrene monomers and riga = 0.3 and rpor = 1.4 for the POT -
isobornyl acrylate monomers, both for solution copolymerization
at 80 °C in anisole (50 mol%) initiated with 0.5 mol% AIBN. With
these reactivity ratios, a more homogeneous incorporation of thioe-
sters into the polymer chains could be obtained. Good chemical
degradation profile was demonstrated with the already used degra-
dation conditions (aminolysis, KOH, TBD) and we also presented
a new efficient oxidative degradation procedure using mCPBA in
THF at RT. The good degradation properties of the obtained copol-
ymers are an indirect proof of the random incorporation of thioester
moieties into the backbone that is essential for a homogeneous deg-
radation.

In addition, feasibility of POT polymerization using RAFT was ev-
idenced by preparing a library of block copolymers with thioesters

units that could be inserted in one or both blocks. A side reaction
between the thionolactone and the RAFT agent reduced the living-
ness of the copolymerization. Although a more detailed study is
required to have a better understanding of this side reaction, the
degradation was effective and confirmed the interest of this tech-
nology to prepare block copolymers with one or two blocks that
could be degraded. Homopolymerization of POT was also demon-
strated. p(POT), a new polythioester of moderate M, prepared via
a radical mechanism could be obtained with full conversion and
complete ring-opening mechanism.

In conclusion, this work confirms the interest of our approach that
uses the combination of theoretical and experimental experiments
to rationally identify new structures or polymerization conditions
for radical ring-opening polymerization. This approach is currently
used in our laboratories to extend the library of vinyl monomers
that are compatible with thionolactones and diversify the structures
of thionolactone used.
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