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The radical ring-opening copolymerisation (rROcoP) of unsubstituted thionolactones of different ring sizes, namely y-

thionobutyrolactone (TBL), 6-thionovalerolactone (TVL), e-thionocaprolactone (TCL) and w-thionopentadecalactone (TPDL),

with vinyl pivalate has been mechanistically investigated. The crucial effect of the ring-size on the ability of thionolactone to

copolymerise and ring-open is depicted, with the fraction of ring-opened thionolactone units following the order 7> 16 > 5

> 6 membered thionolactone. DFT calculations in combination with experimental results show the importance of the

stabilization of the intermediate ring-retained radical for the thionolactone reactivity. A chain-terminating effect was

revealed for TBL, TVL and TPDL. The incorporation of thionolactone units in the copolymers was evidenced by substantial

decrease in My after chemical degradation.

Introduction

Degradable polymers are in great demand as plastics become
ubiquitous.2 A wholesale shift to the use of degradable
polymers would limit the build-up of plastic waste, leading to a
more sustainable relationship with the environment. Moreover,
biodegradability is a key element when designing stimuli-
responsive materials for drug delivery or other biomedical
applications. Part of the solution can be found with naturally-
occurring polysaccharides and derivatives,
polyhydroxyalkanoates, poly(lactic acid) and aliphatic
copolyesters, to name a few. However, these polymers are far
from fulfilling the large range of technical and economical
specifications that are imposed by their end-use applications.
Hence, the challenge of bringing enhanced degradability to
chemically stable polymer backbones derived from radical
polymerisation, which is used for ~50% of the worldwide
production volume of synthetic polymers, has never been so
topical. A potential solution was found 40 years ago when
radical ring-opening polymerisation (rROP) was introduced by
Bailey et al.3 The idea was simple yet elegant: degradable ester
links can be introduced into a polymer backbone by radical
polymerisation by reacting vinyl monomers with a cyclic ketene
acetal (CKA) monomer.* The polymerisation proceeds through
addition of propagating radical to a cyclic ketene double bond
and further isomerization of the formed intermediate acetal-
like radical to an ester fragment via B-scission and ring-opening.
Over time, a library of available CKA monomers has been made
available, the reactivity of which has been well described. There
have been several investigations into the CKA structure-
reactivity relationship, especially their ability to fully ring-open
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under radical polymerisation conditions. Monomer ring
strain,>® stabilization of the ring-opened radical,” and steric
hindrance?® all play important roles in the ability of CKA to ring-
open. Environmental factors promoting ring-opening include
high reaction temperature and decrease of the monomer
concentration in order to favour the unimolecular reaction
compared to the undesired bimolecular acetal propagation.>’
Competition between the ring-opening process and the
undesired 1,2-propagation of the ring-closed radical is a major
drawback of CKA monomers. The inclusion of ring-closed units
in the polymer compromises its degradability as the acetal units
derived from 1,2-propagation are pendant groups whose
degradation does not result in chain scission. The relationship
between the CKA structure and the ratio between ring-opened
and ring-closed units in the polymer is difficult to generalize.®
Partial polymerisation in the ring-closed form and also complex
preparation procedures have limited the number of CKA
monomers in regular use.>

Recently, 7-membered thionolactones (TLs) were developed as
a new class of rROP monomers. In 2019, the radical
copolymerisation of dibenzo[c,e]loxepane-5-thione (DOT)
(scheme 1b) was reported by two independent groups®10 via
the so-called thiocarbonyl addition-ring opening (TARO)
mechanism. Unlike other rROP monomers, in TARO
polymerisation the propagating radical reversibly adds to the
C=S bond of DOT, followed by fragmentation and ring-opening
to form a new propagating radical (scheme 1a), in a similar
fashion to the radical addition-fragmentation chain transfer
(RAFT) Polymers prepared via TARO
copolymerisation contain thioester links in the copolymer
backbone. Interestingly, these have been shown to degrade
under much milder conditions than esters.1® Since the first
publications on TARO polymerisation of DOT, several new
thionolactone monomers have been reported (scheme 1b) and
of monomers of various

mechanism.

studied in copolymerisation
reactivities.

DOT can homopolymerise, albeit slowly,1! and copolymerises
well with acrylates,®10 acrylamides,1912 styrene,’3 acrylonitrile1®
and maleimides,!! but inhibits the polymerisation of vinyl
acetate and N-vinyl carbazole.1° In 2021, our team!* reported

the copolymerisation of e-thionocaprolactone (TCL) with vinyl



acetate and vinyl pivalate, with reactivity complementary to
that of DOT. Shortly afterwards, Guillaneuf and coworkers1>
reported the copolymerisation of TCL with vinyl esters and were
able to homopolymerise TCL under specific conditions. They
also reported e-thionodecalactone (TDL), which showed similar
reactivity to that of TCL. Recently, the Roth group'® reported the
homopolymerisation of 7-membered DBT (Scheme 1b) and the
degradation of the obtained polymers with N-ethylamine or
sodium methoxide. Earlier this year, the Reineke group?’
reported TARO homopolymerisation of the 6-membered 3-
(TIC, 1b) and its
copolymerisation with styrene. Our team?® reported successful

thionoisochromanone Scheme
copolymerisation of 3,6-dimethyl-5-thioxo-1,4-dioxan-2-one
and 3,6-dimethyl-1,4-dioxane-2,5-dithione (respectively TLD
and DTLD, Scheme 1b) with tert-butyl acrylate, styrene and
methyl methacrylate with a fraction of thionolactone
incorporated in the ring closed form.18 TARO copolymerisation
of TLD with styrene and acrylates was independently reported
by the Satoh group at the same time.® These results sparked
our interest to investigate ring-size reactivity relationship of TL
monomers. Such investigation may facilitate further design of
monomers suitable for TARO polymerisation.
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Scheme 1 Mechanism of TARO polymerisation (a) and reported monomers (b).

Thus, we conducted a mechanistic study for a family of
unsubstituted TLs of different ring size: y-thionobutyrolactone
TBL, 6-thionovalerolactone TVL, e-thionocaprolactone TCL and
w-thionopentadecalactone TPDL (Scheme 2a). Thionolactones
can be synthesized by simple thionation of the corresponding
commercially available lactones.?? Some of the TLs have
previously been investigated in non-radical ROP. TBL undergoes
cationic?! and isomerization-driven irreversible?2 ROP to yield
poly(y-thiobutyrolactone). TCL has been polymerised using
anionic?® and in organocatalytic?* ROP to give a mixture of
poly(e-thiocaprolactone) poly(e-thionocaprolactone)
depending on the conditions, and by cationic?> ROP to give

and

poly(e-thiocaprolactone). TPDL undergoes organocatalytic ROP
to give poly(w-thionopentadecalactone).26

This contribution reports the effect of ring size of four different
thionolactones on their reactivity in radical copolymerisation
with vinyl pivalate (VP), with a focus on the extent of TARO
mechanism relative to 1,2-propagation via the C=S bond
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(Scheme 2b). Finally, the chemical degradation of the different
copolymers is reported.
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Scheme 2 (a) Thionolactones selected for investigation in radical ring-opening
polymerisation and (b) the two main propagation mechanisms during the rROP of
thionolactones.

Materials and methods

The following chemicals were used as received: y-butyrolactone
(99%, Sigma-Aldrich), &-valerolactone (98%, Alfa Aesar), e-
caprolactone (97%, Sigma-Aldrich), w-pentadecalactone (97%,
Sigma-Aldrich), isopropyl amine (99%, Sigma-Aldrich),
hexamethyldisiloxane (HMDO, >98%, Sigma-Aldrich),
phosphorus pentasulfide (P4S10, 97% grade, Acros Organics) and
1,1’-azobis(cyanocyclohexane) (VAZO-88, 98%, Sigma-Aldrich).
2,2’-azobis(2-methylproprionitrile) (AIBN, 98%, Sigma-Aldrich),
was recrystallized from methanol and dried under vacuum
before use. Vinyl pivalate (VP, >99%, Sigma-Aldrich) was
purified by passing through neutral Al;Os.

The following solvents were used as received: diethyl ether
(VWR, HPLC grade), cyclohexane (Sigma-Aldrich, HPLC grade),
ethyl acetate (EtOAc, Sigma-Aldrich, HPLC grade). Acetonitrile
(MeCN, Acros, HPLC grade) was further dried using a solvent
purifier (MBRAUN SP5), and p-xylene (RECTAPUR, 99%) was
dried over molecular sieves (8-12 mesh, Sigma-Aldrich).
Nuclear magnetic resonance (NMR) spectra (H, 13C) were
recorded at 25 °C on a Bruker Avance 300 MHz. Chemical shifts
(8) are reported in parts per million (ppm) and are referenced
to the residual solvent peak (CDCls: 'H = 7.26 ppm and 13C =
77.16 ppm).

Size-exclusion chromatography (SEC) analyses in THF were
performed on a system composed of an Agilent technologies
guard column (PLGel20 um, 50 x 7.5 mm) and a set of three
Shodex columns (KF-805 + KF-804 + KF-802.5). Detections were
conducted using a Wyatt Optilab® rEX refractive index detector
and a Varian ProStar 325 UV detector (dual wavelength

This journal is © The Royal Society of Chemistry 20xx



analysis). Analyses were performed at 35°C with a flow rate of
1.0 mL minl. Poly(methyl methacrylate) (PMMA) standards
(960 — 2.37 x 105 g mol1) were used for calibration.

Monomer conversions as well as the copolymer microstructure
were determined by TH NMR following methods reported in our
previous work.1* For detailed information on the microstructure
analysis, see Fig. S1; for examples of conversion determination
and calculation of % ROP units, see Fig. S2-S5. In order to show
monomer composition, individual copolymers are described as
poly(TLs-co-VPy), where x = Frrandy =1 - Fry.

Experimental procedures
Monomer syntheses

The monomers were synthesized following protocols from the
literature: TBL and TVL from the Koszelewski group,?” TCL and
TPDL from Curphey.?° Relative to these literature reports, the
purification steps were improved by additional Kugelrohr
distillations of the products, which removed impurities of
thiophosphorus derivatives, dithioesters, and dithiolactones,
yielding the products as transparent bright yellow oils. The pure
monomers were stored in a freezer before use.

Yields and NMR characterisation of the monomers are given
below.

TBL (Yield: 85%). NMR (Fig. $6-7): tH (CDCls; 300MHz) 8 (ppm):
2.31 (m, 2H); 3.07 (t, 2H); 4.73 (t, 2H). 13C (CDCls; 76 MHz) &
(ppm): 24.1; 44.4; 77.6; 223.0.

TVL (Yield: 80%). NMR (Fig. $8-9): IH (CDCls; 300MHz) 8 (ppm):
1.9 (m, 4H); 3.05 (t, 2H); 4.48 (t, 2H). 13C (CDCl3; 76 MHz) &
(ppm): 18.2; 21.3; 40.7; 71.7; 71.7; 223.1.

TCL (Yield: 75%). NMR (Fig. S10-11): 'H (CDCls; 300MHz) &
(ppm): 1.76 (m, 2H); 1.92 (m, 4H); 3.20 (t, 2H); 4.51 (t, 2H). 13C
(CDCls3; 76 MHz) & (ppm): 25.1; 28.6; 29.0; 46.2; 74.3; 227.5.
TPDL (Yield: 80%). NMR (Fig. $12-13): H (CDCls; 300MHz) &
(ppm): 1.08-1.62 (m, 20H); 1.68-1.88 (m, 4H); 2.82 (t, 2H); 4.48
(t, 2H). 13C (CDCl3; 76 MHz) 8 (ppm): 25.3-28.0; 47.5; 72.4; 224.7.
Typical homopolymerisation procedure

VAZO-88 (8 mg, 0.03 mmol), TBL (0.1 g, 1.2 mmol) and 1ml of
ethyl acetate were mixed together. The resulting solution was
transferred into a Carius tube, which was sealed under vacuum
after degassing by three freeze-pump-thaw cycles. Then the
tube was placed in an oil bath at 100°C for 16 hours. The
reaction was stopped by rapid cooling. After opening of tube,
an aliquot of the solution was immediately transferred into an
NMR tube for the conversion analysis.

Typical copolymerisation procedure

The preparation of poly(TCLo.11-co-VPosg9) (Table 1, entry 6) is
detailed here as an example.

VAZO-88 (8 mg, 0.03 mmol), TCL (0.068 g, 0.54 mmol) and VP
(0.636 g, 4.86 mmol) were mixed together. The resulting
solution was transferred into a Carius tube, which was sealed
under vacuum after degassing by three freeze-pump-thaw
cycles. Then the tube was placed in an oil bath at 100°C for 5
hours. The polymerisation was stopped by rapid cooling. After
opening of tube, an aliquot of the solution was immediately
transferred into an NMR tube for the conversion analysis. The

This journal is © The Royal Society of Chemistry 20xx

polymer for the SEC analysis was obtained by evaporation of the
residual monomer. 1H NMR of the polymer was obtained after
purification by precipitation in acetonitrile. VP conversion =
88.5 %, TCL conversion = 100%, Frc. =0.11, M\, = 96.7 kg mol-1
=73

1H NMR (300 MHz, CDCls) & (ppm): 6.6-5.8 (m, CH,-C(Piv)H-S)
5.3-4.5 (m, CH,-C(Piv)H-CHy), 4.2 — 3.4 (m, CH,-CH,-0), 2.87 (t,
CH,-CH,-S), 2.57 (t, S-(C=0)-CH,-CH;), 2.25 — 1.2 (m, -CHy- + -
CHs).

NMR characterisation for other polymer samples

1) poly(TBLo.14a-co-VPo g¢) from Fig. 3: M, = 5.7 kg mol'1 b = 2.2;
H NMR (300 MHz, CDCls) & (ppm): 6.3-5.8 (m, CH2-C(Piv)H-S),
5.3-4.5 (m, CH,-C(Piv)H-CH,), 4.1 — 3.6 (m, CH,-CH,-0), 2.8-2.5
(m, S-(C=0)-CH,-CH,), 2.25 — 1.2 (m, -CH,- + -CH3).

2) poly(TVLo.2-co-VPog) from Fig. 3: My, = 4.6 kg mol1 b =2.2; *H
NMR (300 MHz, CDCls) & (ppm): 6.4-5.8 (m, CH,-C(Piv)H-S), 5.3-
4.5 (m, CH,-C(Piv)H-CHy), 4.18 — 3.35 (m, CH,-CH,-0), 2.4-2.7 (t,
-S-(C=0)-CH,-CH,), 2.25 — 1.2 (m, -CH,- + -CHs).

3) poly(TPDLg.15-co-VPggs): My = 5.2 kg molt © = 2.0 *H NMR
(300 MHz, CDCls) 6 (ppm) from Fig. 3: 6.45-5.8 (m, CH,-C(Piv)H-
S) 5.3-4.5 (m, CH,-C(Piv)H-CH,), 4.15 — 3.3 (m, CH,-CH»-0), 2.55
(t, -S-(C=0)-CH,-CHy), 2.25 = 1.2 (m, -CH,- + -CH3).

Copolymer degradation

The copolymer (10 mg) was diluted in 1 mL of THF and 1 mL of
isopropyl amine (IPA) was added. The solution was stirred in a
sealed vial at room temperature for 3 days. All volatiles were
evaporated under reduced pressure and then the residue was
dissolved in 1 mL of THF, filtered through a 40 um PTFE filter
and analysed by SEC.

Computational details

The computational work was carried out using the Gaussian09
suite of programs.22 The geometry optimisations were
performed without any symmetry constraint using the B3LYP
functional and the 6-31G(d,p) basis functions for all atoms. The
effect of dispersion forces (Grimme’s D3 empirical method??)
was included during the optimization. The thermal corrections
leading to the Gibbs energy (zero-point vibrational energy or
ZPVE, PV, and TS) were obtained from the solution of the
nuclear equation using the standard ideal gas and harmonic
approximations at T = 298.15 K (25 °C) and 373.15 K (100 °C),
which also verified the nature of all optimised geometries as
local minima or first-order saddle points. Optimisations from
starting geometries on either side of saddle points were carried
out to confirm the nature of the intermediates connected by
each transition state. A correction of 1.95 kcal/mol was applied
to all G values to change the standard state from the gas phase
(1 atm) to solution (1 M).30

Results and discussion

None of the chosen thionolactones underwent
homopolymerisation at 100°C with 2.5% of VAZO-88 as
initiator. Therefore, we focused on mechanistic investigation of
reactivity of TLs in copolymerisation. Vinyl pivalate (VP) was
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chosen as comonomer due to its high boiling point (110°C), and
to the higher T, of the resulting polymer relative to other
available poly(vinyl ester)s, which facilitates purification of the
copolymer by precipitation. Additionally, poly(vinyl pivalate) is
more resistant to hydrolysis than other vinyl esters due to its
bulky pivalate groups. Bulk copolymerisations of thionolactones
with VP were conducted at 70°C with 0.5% of AIBN and at 100°C
with 0.5% of VAZO-88 (Table 1). All the thionolactones
copolymerised to various extents with VP. Temperature had a
significant impact on the fraction of ROP units in poly(TBL-co-
VP) and poly(TCL-co-VP), with values increasing from 19.4 % at
70°C to 28.7 % at 100°C for the TBL-VP system (Table 1, entry
1-2), from 66.2% to 84.7% for the TCL-VP system (Table 1, entry
5-6) and from 38.1% to 43.5% for the TPDL-VP system (Table 1,
entry 7-8). The percentage of ring-opened TVL units in the TVL-
VP copolymer was not affected by the temperature change.

Journal Name

over 50% were not used due to strong retardation reflected in
total conversions lower than 50% after 5 h at 100 °C (Fig. 1b)
and low M, of the resulting polymers.

o)
o S
o 100°C o O
0 4 P WSM\)\(S .
- n-)~

/ ~ 0.5% VAZO-88 ) 3

TBL:n=1 n
VP TVL:in=2
TCL:n=3
TPDL:n=12

Scheme 3 rROcoP of thionolactones with vinyl pivalate.

poly(VP-co-Thionolactone)

Table 1 Copolymerisation of thionolactones (TL) with VP where fr, = 10%. Reaction
conditions: in bulk, 5 h at 100 °C with 0.5 mol. % of VAZO-88.

Entry TL T,°C Xn?, % Fr,® % ROP,* %
1 70 40.1 7 19.4
TBL
2 100 50.9 6.3 28.7
3 70 17.1 31.6 14.3
TVL
4 100 35.2 18.6 14.3
5 70 100 11.2 66.2
TCL
6 100 100 11.2 84.7
7 70 17.4 2.3 38.1
TPDL
8 100 18.7 2.3 43.5

a Conversion (X), copolymer composition (F) and fraction of ring-opened
thionolactone units (ROP) are determined by 'H NMR

In addition, higher monomer conversions could be obtained at
100 °C, which facilitates microstructure determination in the
crude polymerisation solutions. Therefore, the higher
temperature conditions were chosen for further investigation
(Scheme 3).

A series of copolymerisation experiments were carried out
varying the initial feed of thionolactones from 5 to 50 mol% at
fixed initiator concentration and time. Feeds of thionolactones

Fig. 1a shows the relationship between thionolactone
incorporation in copolymer (Fr) and initial feed composition
(fr). The fraction of TL units incorporated in the copolymer
follows the trend TVL>TCL>TBL>TPDL, with a gradual increase of
FrLas friisincreased for TBL, TCL and TPDL, whereas TVL reaches
a plateau, incorporating not more than 38% when fry. exceeds
20%.

The polymerisation retardation effect can be visualized by
plotting the total conversion versus fr. (Fig. 1b). The overall rate
of polymerisation follows the order TCL>>TPDL=TBL>>TVL.
Almost no polymerisation occurs for the mixtures of VP with the
6-membered TVL when fry is greater than 20% (Fig. 1b). For
other TLs significant retardation occurs when fr is 50%.
Additionally, chain terminating behaviour was observed for
TPDL, TBL and TVL when plotting M\, vs 1/fr. (Fig. 1c) with the
effect following the order TVL>TBL>TPDL.

High molar mass polymers can only be obtained from the
copolymerisation of VP with TCL (My = 100 kg mol1), and are
accompanied by a high dispersity value (D > 4.0). The TCL radical
ring-opening produces highly reactive primary radicals that
have a high propensity to undergo chain transfer reactions. For
TBL/VP and TPDL/VP significantly lower molar mass polymers
were obtained, with M,, = 5-50 kg mol-* and D = 1.5-2.3. For the
TVL/VP system only low molar mass polymers were obtained,
with fry < 10%. If frv.> 10%, only oligomers are produced.
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i v TPOL i *F,;-_ﬁ\ v TPOL 450 vl 4
- 80 -] Ed
80 ) 50 P
) = 7 Y —- ,,’b-%',/' qub
5 g0 h s 40 PP VL
. 60 @ £ et m
>, z 8 2 T K0T
- 1 c = P
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Fig. 1 Relationship between f, and Fy (a), fr. and total conversion (b), 1/fr. and M,, (c) in the TL-VP copolymers. Reaction conditions: bulk, 5 h at 100 °C with 0.5 mol. % of VAZO-88.

4| J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Please do not adjust margins

Journal Name ARTICLE
100 a) 01 319 b) " = 10%
. s fo =31% v = 10%
801 80
w 90 Cj 2 —=TBL =2 —eTVL
2 c 60 -x--VP £ 60 --x--\/P
> 80 8 S
) o R <
2 5 o % LT o
'D 70 E * c
o 8 204 * 8 20
w 60 [g o .
E 50 5 ; : : 0 2 4 6 & 1o
Time, h
100
g 40 C) d) fTPDL 50%
ﬂ i = = %
— s (=) (=)
Z 30 éu c & 604 PR R
o (uJ: .g .g * —— TPDL
o 20 = =40 ’t' —-x - \IP
(@] g g * '
o« G s 20
EQ 10 © o :'_:'_.rr—'——v
0 0.0 05 10 15 % 3 i & & 1
Time, h Time, h
TBL TVL TCL TPDL

Fig. 2 Diagram of average percentage of ring-opened units in TL-VP copolymers
synthesized at 100°C.

Finally, the average fraction of ring-opened units from total of
TL incorporated in the copolymer was calculated as an average
value from reactions with feeds of TL varying from 5% to 50%
(see Fig. 1). The fraction of ring-opened units follows the order
TCL > TPDL > TBL > TVL (Fig. 2), suggesting that ring strain is not
the main driving force for ring-opening of the unsubstituted
thionolactones during copolymerisation. If it was, based on the
ring strain of cycloalkanes taken as a first approximation, the
reactivity order should be TCL>TBL>TVL~TPDL.
Copolymerisation kinetics of thionolactones with vinyl pivalate at
100°C

Investigations of the copolymerisation kinetics were conducted
for the different TL-VP systems (Fig. 3). The comonomer
compositions were selected in order to obtain ~10% of TL units
in the final copolymers, based on the results of Fig. 1. Apart
from TCL, for which the copolymerisation with VP was
completed in less than two hours, all copolymerisations strongly
slowed down after 3 h and completely stopped after ~7 h due
to total decay of the initiator (t12 = 1.5 h at 102°C3?), leading to
incomplete monomer conversion. TVL and TCL were consumed
faster than VP (Fig. 3b, 3c). The relative consumption rates
observed for the TCL-VP mixture are similar to those found in
our previous investigation at 70°C.1* The kinetics of the TVL-VP
copolymerisation confirms a strong retardation effect of TVL
with only 10% of VP converted to polymer. TBLand TPDL, on the
other hand, were consumed more slowly than VP (Fig 3a, 3d).
The TBL conversion reached a plateau at 15%, with Frg. = 14%.
For the TPDL/VP system, TPDL is quite inert in polymerisation,
reaching only 10% conversion while 68% of VP reacted when
freoL = 50%.

This journal is © The Royal Society of Chemistry 20xx

Fig. 3 Evolution of conversions with time for the copolymerisation of (a) VP with TBL
(69/31 mol %) [VAZO-88], = 35.9 mmol L%, [VP]o = 7.61 mol L, [TBL]o = 3.27 mol L'%; (b)
VP/TVL (90/10 mol.%) [VAZO-88], = 26.4 mmol L, [VP]o = 72 mol L, [TVL]o = 8 mol L?;
(c) VP/TCL (90/10 mol %) [VAZO-88], = 25.6 mmol L%, [VP]y = 69.75 mol L, [TCL]o = 7.75
mol L%; (d) VP/TPDL (50/50 mol %) [VAZO-88], = 27.5 mmol L%, [VP], = 2.75 mol L?,
[TPDL]o = 2.75 mol L%

DFT investigation

A computational investigation was carried out in order to
provide insight into the relative aptitude of the four different
thionolactone monomers, once incorporated as ring-closed
radicals at the chain end, to undergo ring opening vs. addition
to a vinyl monomer. For that purpose, three separate steps of
the TARO mechanism were calculated: the addition of a model
radical (ethyl, CH5CH>*, simulating the ring-opened TL radical) to
the sulphur atom of the thionolactone ring, the ring opening of
the resulting intermediate radical, CH3CH,S-C*[c-O(CH3),], to
yield the linear primary radical CH3CH,S-CO(CH3)».1CH>*, and the
ring-closed radical addition to vinyl acetate (VAc), which was
selected as a simpler model of VP. The use of the smaller ethyl
radical and VAc allows limiting the number of atoms in the
calculations while reasonably modelling the reactivity. The
monomer geometries presented no conformational issues for
TBL, TVL and TCL. For TPDL, on the other hand, several
conformations are possible in principle. Since we could not find
suitable crystal structures of unconstrained 16-membered
lactone rings, instead of fully exploring the conformational
space of this monomer, a computational investigation was
carried out on a 15-membered ring thionolactone system,
adapting the starting geometry from that determined by X-ray
diffraction for the related lactone N-(3-benzyl-2-oxo-1-
oxacyclopentadecan-3-yl)benzamide.32 The computational
level (DFT approach with B3LYP and 6-31G(d,p) basis set) was
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Fig. 4 Gibbs energy profiles at 100 °C in the presence (blue profile) and absence (red profile) of a D3 dispersion correction, and views of the optimised geometries with key distances

(in A) for the Et* addition to TCL, for the subsequent ring opening, and for the addition of the ring-closed radical to VAc.

selected on the basis of the recent comparative study by
Guillaneuf et al.,> showing the best match with the
experimental activation energies for a similar radical ring
opening reaction of CKAs. In the present study, however, the
optimisations were also carried out in the presence of an
empirical corrective term to account for dispersion forces (D3
method)?® and attention will be focused on the Gibbs energy
profile, rather than on the crude electronic energy.

The reaction profile for the TCL monomer at 100 °C is shown in
Fig. 4 and those of the three other monomers are available in
the Supporting Information (SI) (Figures S14-16). The Sl also
contains the corresponding profiles under the standard
conditions of T = 25°C (Figures S17-20). The relative energies of
all intermediates and transition states for all monomer profiles,
at the operational temperature of 100 °C, are summarised in
Table 2. The Cartesian coordinates, raw electronic energies and
Gibbs energies of all optimised geometries are available in the
Sl (Table S1).

From the kinetic point of view, the salient points to observe
(Table 2) are the relatively similar barriers for the Et* addition
to the TL monomer (TS1-TL-Et°®), independent of the ring size,
the large decrease of the ring opening barrier (TS2-1l) from TBL
to TVL and from TVL to TCL, but the subsequent large increase
from TCL to TPDL, and the same trend, but with smaller
variations, for the TL* addition to VAc (TS3-ll). Note that the
latter barrier is higher than the (TS1-TL-Et*) barrier, reflecting
the greater reactivity of the primary unsubstituted radical, but
probably also the greater reactivity of the TL monomer relative

to VAc. The comparison of the barriers of the two competing
processes for the ring-closed radical (ring-opening, TS2-Il, and
addition to VAc, TS3-Il), shows that ring opening is favoured for
the TBL, TVL and TCL systems, whereas it is slightly disfavoured
for the TPDL system. In terms of thermodynamics, the Et®
addition to TL (II-TL-Et*) is predicted to be nearly thermoneutral
(slightly exoergic for the TVL and TCL systems and slightly
endoergic for the other two systems). The ring opening process
(I-1) is exoergic for all systems, being thermodynamically most
favourable for the TCL system. Finally, the ring-closed TL®
addition to VAc (IV-ll) is slightly exoergic for the TBL, TVL and
TCL systems and essentially thermoneutral for TPDL.

Relative to the standard state (25 °C), the activation barrier and
the endoergic character of all associative processes (formation
of the reactant complex, Et* addition to TL, TL* addition to VAc)
are higher at 100 °C, whereas the temperature increase has
little influence on both the kinetics and thermodynamics of the
ring-opening process.

Table 2. Relative Gibbs energy barriers (AGsys 15, kcal/mol) for the Et* addition to TL (TS1-
Et- Et*) and for the subsequent ring opening (TS2-1l) and addition to VAc (TS3-Il),
calculated with B3LYP-D3.

TL TS1-TL-Et° II-TL-Et*  TS2-ll -1l TS3-11 V-1
TBL 11.6 1.2 14.6 -8.4 17.9 -1.5
TVL 11.0 -2.0 12.8 -7.9 17.1 -5.7
TCL 11.4 -1.0 8.4 -12.8 14.4 -2.8
TPDL 11.7 3.8 16.5 -3.7 16.0 0.2
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Comparison of experimental results with calculation

The fraction of incorporated TL in copolymer is related to the
reversible addition of the propagating the
thionocarbonyl bond and to the stabilization of the
intermediate ring-closed thioacetal radical II-TL-Et*. If the
addition to C=S bond is rapid and more stable the intermediate

radical to

radical, the higher the TL incorporation in the copolymer. The
trend obtained from calculation agrees with experimental
results: TVL>TCL>TBL>TPDL (See Fig. 1a). On the other hand,
when we tried to rationalize the experimental trend of fraction
of TL incorporated in ROP form (Fig 2) with results obtained
form calculation, we did not observe a correlation.

The discrepancy between the experimental and computational
results is inherently linked to the several approximations and
assumptions used for calculations, particularly the adequacy of
the dispersion and thermal corrections and the neglect of the
medium polarity (the reactions were run in bulk, without
solvent). However, the useful insight provided by the
calculations is not based on the absolute kinetic and
thermodynamic parameters of each system, but rather the
trends for each parameter as the ring size changes. Under the
dynamic equilibrium of the propagation process, the relative
amount of ring-opened and ring-closed radicals is fine-tuned by
how fast each one of them is consumed by all subsequent
processes. Hence, only when all processes are considered can
we address the experimental results.

Now let’s comment on these processes one by one. The
propagating radical addition to the thionolactone molecule,
simulated in the calculations by the addition of the ethyl radical
to the C=S group of TL, is equally fast for all systems. For the
ring-opening of the thioacetal intermediate radical (II) TCL is the
fastest to ring-open. TVLis predicted to have a ring-opening rate
virtually identical to the rate of ethyl radical addition to C=S,
while the ring-opening of TBL and TPDL is slower. Finally, the
addition of the ring-opened propagating radical (lll) to VAc (not
calculated) is expected to have a similar barrier as the addition
of the ethyl model radical, hence essentially the same for all
systems. For the propagation of the thioacetal intermediate
radical (ll), two reactions are possible: addition to another TL
monomer (which should be exoergic but limited by steric
effects) and addition to VAc. Only the latter reaction was
calculated. This process (IV-1l) appears to be exoergic for TBL,
TVL and TCL and thermoneutral for TPDL (Table 2).

Copolymer degradation

An indirect method to confirm the incorporation of thioester
links in the copolymer backbone is the study of their chemical
degradation. To do so, the copolymers were treated with
isopropyl amine (IPA) for 3 days, following a protocol reported
in a previous paper of our group!. By following the change in
molar mass of the copolymer after degradation we can confirm
the microstructure assignments based on the 'H NMR analysis.
Comparison of the size-exclusion chromatography results
before and after degradation (Fig. 5) reveals degradation of all
copolymer samples. Substantial disappearance of the initial
poly(TCLo.11-co0-VPg g9) aminolysis
incorporation of TCL along the copolymer backbone. The high

after confirms random
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molar mass tailing after degradation is explained by the
preparation of the sample: significant amount of homopolymer
of PVP is produced at late stages of copolymerisation of TCL
with VP, when TCL is depleted and VP continues to
homopolymerise (See Fig. 3c). Conversely, in the case of
pOly(TBLo,os—CO—VPo,94), pOly(TVLoAlg—CO—VPoAgl) and pOly(TPDLvoz-
co-VPogg) a significant overlap of SEC before and after
degradation is observed.

poly(TBL-co-VP)

poly(TVL-co-VP)

poly(TCL-co-VP)

poly(TPDL-co-VP)

15 20 25 30
Time, min

Fig. 5 SEC results of poly(TL-co-VP) before (dashed blue lines) and after aminolysis with
IPA for 3 days (continuous red line). More details can be found in Table 3.

Such results suggest that there is some fraction of the polymer
which contains little or no TL, or which has all its TL in the
thioketal form, which is resistant to nucleophilic attack.33 For
TVL and TBL, only a minority of TLs ring-open, making some
copolymer chains incorporated
poly(TPDLo.o2-co-VPo.0s) some polymer chains are likely to be
free of TPDL, due to its low average TPDL content, while
approximately half of the incorporated TPDL units are in the
ring-closed form.

Moreover, from the kinetic results (Fig. 3a, 3c, 3d), a significant
composition drift in the incorporation of TBL, TCL and TPDL was
observed, the
polymerisation polymeriscontaining lower levels of TL units.

free of thioester. For

with polymer chains formed Ilate in
This limitation could be circumvented by better controlling the
incorporation of TLs via a controlled addition of reactants in a

semi-batch process.
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Table 3 Thionolactone-VP copolymer degradation by IPA. Copolymers from Table 1 entry 2, 4, 6 and 8, respectively.

Entry Copolymer ROP1.2, %

Before degradation

Estimated molar mass of PVP After IPA treatment

M.* kg mol* P Mealc degrad® kg mol? " kg mol? b
1 poly(TBLo.os-CO-VPo.s4) 29 19.4 2.4 6.6 73 5
2 poly(TVLo.1-co-VPos1) 14 4.5 19 3.9 2.8 1.7
3 poly(TCLo.11-c0-VPo.g0) 85 96.7 7.3 1.2 3.7 2.9
4 poly(TPDLo.o2-co-VPo.ss) 44 27.9 2.6 125 11.4 5.8

2 Determined by 'H NMR
b SEC in THF with PMMA calibration.
€ Mecalc.degrad= Mvp*(100-Fri)/(Fr.¥ROP7.*0.01)

On the basis of the amount of incorporated TL links in the
copolymer backbone and on the fraction of ROP thioester units
among them, we can estimate the molar mass of the polymer
fragments after degradation (see Table 3 footnote c), taking in
account that the thioketal units are not degraded. In Table 3 we
have gathered information retrieved from the SEC (Fig. 5)
before and after degradation of the copolymers in addition to
the estimated molar mass after degradation Mcaic.degrad- The
calculated molar masses after degradation for poly(TBL-co-VP),
poly(TVL-co-VP) and poly(TPDL-co-VP) samples roughly match
the M,, obtained from the SEC analysis. However, the M,,
obtained after degradation of poly(TCL-co-VP) is 3 times greater
thanthe calculated mass. Such a phenomenon can be explained
by the presence of TCL units as dyads and triads in the polymer
as previously shown,* making sequences of PVP between TCL
units in the polymer longer than anticipated for a truly random
copolymer.

Conclusions

The reactivity of four unsubstituted thionolactones in the
rROcoP with vinyl pivalate was investigated. The radical
polymerisation of TBL, TVL and TPDL is reported here for the
first time. The molar masses of the TL-VP copolymers are
inversely proportional to the percentage of TL in the feed,
except for TCL. The thionolactones strongly retard the
polymerisation, with incomplete comonomer conversion. TCL
and TVL react faster than VP, whereas the opposite is observed
for TBL and TPDL. The fraction of ring-opened thionolactone
units follows the order TCL > TPDL > TBL > TVL. DFT calculations
confirm the strongest aptitude of TCL to ring open, relative to
the addition of the ring-closed radical to a vinyl ester monomer.
Aminolysis studies have confirmed the cleavage of the thioester
linkages in the copolymer. The M,, values after degradation
were in good agreement with those estimated for the VP
oligomers on the basis of microstructure analyses. This study
can be used as a basis for the design of degradable vinyl
copolymers with controlled proportions of thioester and S,0 —
ketal linkages.
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