Bio-based ABA triblock copolymers with central degradable moieties.
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ABSTRACT

A set of (poly-a-methylene-y-butyrolactone)-co-(poly-6-decalactone)-co-(poly-a-
methylene-y-butyrolactone) (PMBL-co-PDL-co-PMBL) ABA block copolymers containing
different stimuli cleavable groups at the central point of the d-polydecalactone (PDL)
block were synthesized by a combination of Ring Opening Transesterification
Polymerization (ROTEP) of DL, diol end group functionalization as a-bromoester and
Atom Transfer Radical Polymerization (ATRP) of a-methylene-y-butyrolactone (MBL).
Diols containing acetal, spiroacetal, thioacetal and disulphide units were used as
initiators for the bulk room temperature controlled polymerization of 3-decalactone
(DL) using 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) as catalyst. PDL diols were
functionalized in a one-pot two-steps procedure using N-(2-bromoisobutyryl)imidazole
(BiB-Im). The resulting macroinitiators were chain extended by atom transfer radical
polymerization (ATRP) in DMF at 50 °C using MBL as methacrylic-like monomer and the
conventional CuCl/CuCl,/2,2’-bipyridine catalyst system. The cleavage behaviour of the
copolymers under reductive, acidic and photooxidative conditions has been studied and

the resulting AB block copolymers structurally characterized.
1 - INTRODUCTION

During recent years, environmental concerns have led to a growing interest towards
sustainable polymers in which material renewability and degradability are key issues. [1,
2, 3] In this way, a plethora of monomers derived from agricultural feedstocks by direct
extraction or by chemical or microorganism transformation, have been provided for

both academia and industry. [4,5,6]
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In parallel, significant progress have been made in the development of polymerization
techniques, especially in controlled radical polymerization (CRP) allowing the precise
tuning of compositions, architectures and functionalities. [7,8,9,10] ABA block
copolymers are one of the most successful and simpler architectures due to their
remarkable ability to assemble on the nanoscale level, giving rise to materials with a
variety of properties and applications such as pressure sensitive adhesives (PSA), [11]
drug nanocarriers, [12] or simply as components for industrial, aircraft and household

appliances.

Thermoplastic elastomers (TPEs) are one of the most outstanding type of ABA block
copolymers, combining a soft central rubbery block with glassy end blocks. Former
styrene-butadiene or styrene-isoprene ABA copolymers lack ambient resistance, exhibit
relatively low service temperature and are virtually non-recyclable. Consequently, many
efforts have been made to improve their performance for example by combining
different acrylate and methacrylate monomers by anionic or controlled radical
polymerization techniques.[13] However, radical chemistry is unable to produce
degradable polymers unless coupled with other polymerization techniques such as Ring
Opening Transesterification Polymerization (ROTEP) following either a two or three-step

pathway. [14]

ROTEP is the most efficient method for the synthesis of polyesters. Renewable cyclic
esters (lactones) can be polymerized using metal-free organocatalysts to produce
polyesters with moderate energy input, solvent-free conditions and with a controlled
molecular weight. [15, 16, 17] By selecting the appropriate nature, ring size and
substituents, lactones can give rise to both hard highly crystalline blocks (e.g. L-lactide)
and very soft ones (e.g 6-decalactone, e-decalactone or menthide). In fact, ABA block
copolymers prepared by combining two-step sequential ROTEP of different cyclic esters
have been described. [18,19,20] Moreover, telechelic soft polyester blocks can be
extended by Controlled Radical Polymerization (CRP) methods such as Atom Transfer
Radical Polymerization (ATRP), using methyl methacrylate [21] or their natural cyclic
counterparts oa-methylene-y-butyrolactone (MBL or tulipalin A) and y—methyl-a-
methylene-y-butyrolactone (MMBL). In this approach, the soft polyester must be

appropriately functionalized before being used as macroinitiator for ATRP following a



three-step route. This three-step methodology has been elegantly proved by Hillmyer et
al. providing fully renewable TPEs. [22,23] Achieving the goals of renewability and
superior performance is highly desired for both large commodity and specialty materials
but, keeping life cycle assessment in mind, degradability or recoverability became also
relevant issues. Removing industrial TPEs is still a challenging issue and efforts must be
done to promote a fast break down of copolymer blocks under certain conditions during

paper recovery and recycling. [24]

Soft aliphatic polyester chains exhibit inherent long-term degradation producing
different biocompatible products. Conversely, hard acrylic-like blocks do not degrade
easily so a convenient way to facilitate recovery and recycling is triggering significant
changes on the TPEs properties in response to external stimuli, i.e. cleaving the ABA
block copolymer into AB copolymers with lower molecular weight. With this target in
mind, ABA block copolymers must be designed containing at least one cleavable group
which, in an appropriate media, sparks cleavage when their useful life has ended.
Important research endeavour has been done in designing materials prone to respond
to specific environment changes (temperature, light, pH, redox, etc.) mainly focused to
therapeutic applications. [25,26] When TPEs are targeted, the triggering stimuli should
match with the redox and pH conditions used in paper and carboard recycling (bleach,

sulphites, acidic conditions, etc.).

In this work, we explore the preparation of detachable ABA block copolymers based on
O-decalactone (DL) [27,28] and a-methylene-y-butyrolactone (MBL) [29][30][31]
starting from stimuli cleavable diols by combining the ROTEP/functionalization/ATRP
three step approach. The controlled bulk, room temperature ROTEP of DL initiated by
selected diols using 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) [32,33] as catalyst is used
to provide a set of alkyl-branched polyester diols that would constitute the central soft
segment in resemblance to some described block-copolymers based on DL [34,35]. After
convenient  functionalization as  bis-a-bromoisobutyrates  (BiB),  polyester
macroinitiators were chain extended with MBL using conventional ATRP to provide the
end hard blocks. The structural features of MBL led to high Tg rigid hard blocks when
polymerized by controlled radical polymerization [36,37] thus leading to fully renewable

stimuli responsive ABA block copolymers.



2- EXPERIMENTAL PART
2.1 — Synthesis of I,-PDL-Br macroinitiators. (Figures S1.23 to 51.30)
Step 1- ROTEP of DL. [DL]:[I] = 150:1, [TBD]:[I] = 0.8:1, 25°C, in bulk for 12h.

Using conventional inert atmosphere handling techniques about 0.20 mmol of diol
initiator (lo =29.2 mg; l1 = 309 mg; l,= 59.7mg; I3= 73.5mg; la= 33.7 mgand Is=
54.9 mg) were dissolved in 5.4 mL (5.10 g, 30.0 mmol) of 5-decalactone into a cylindrical
25 mL Schlenk flask to prepare a solution with lactone/initiator molar ratio about 150:1
(determined by *H NMR). Once homogenized, the solution was transferred via cannula
under positive argon pressure to another Schlenk flask containing 22.3 mg (0.160 mmol)
of TBD under argon atmosphere ([TBD]:[l] = 0.8:1, [TBD] = 30 mM). The mixture was
gently stirred to dissolve TBD and put in a water bath (25%2°C) to allow the
polymerization to proceed until the desired conversion. Samples for *H-NMR analysis
were withdrawn under argon flow and dissolved in a 0.03 M solution of benzoic acid

(PhCOOH) in CDCls. Samples for 1n-PDL-OH structural characterization was also taken.
Step 2- 1,-PDL-OH modification with BiB-Im. [BiB-Im]:[OH] = 4:1; 55 °C, in bulk for 24h.

To the polymerization mixture under argon flow, 346 mg (1.60 mmol) of BriB-Im (4 Eq.
with respect to OH) were added and the temperature was increased up to 55 °C and let
react overnight. Samples were taken for NMR analysis to confirm the complete
esterification. Next, the crude reaction mixture was brought to room temperature and
5 mL of 0.5 M solution of PhCOOH in DCM was added and stirred for 20 min. to neutralize
the TBD and the imidazole formed. Finally, the mixture was diluted with additional 10
mL of DCM and was precipitated twice into 800 mL of cold acetonitrile. The pure

polymer was dried under vacuum at 50 °C for 48 hours.

2.2 — Synthesis of I,-PDL-PMBL block copolymers. [MBL]:[In-PDL-Br]:[CuClI]:[CuCl;]:[bpy];
125:1:2.2:0.2:4.8, 50 °C, DMF (55 % v/v). (Figures SI.36 to S1.42)

In a typical experiment, (data given for lo-PDL-Br; 18900 g/mol), 0.852 g (0.045 mmols)
of macroinitiator were transferred to a 25 mL cylindrical Schlenk flask equipped with a
Teflon coated magnetic stir bar. Then, 1.23 mg (0.009 mmols) of CuCl,, 2.83 mg (0.018
mmols) of bipyridine, 490 pL (5.62 mmol) of MBL and 850 uL of DMF were added in this

order. The reaction mixture was introduced into a preheated bath at 50 °C until
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complete homogenization. Once the macroinitiator was completely solubilized, the
mixture was degassed through 4 freeze-pump-thaw cycles. After the deoxygenation
process, the reaction mixture was returned to the bath at 50 °C for 10-15 minutes until
complete homogenization. Separately, a CuCl/bpy stock solution containing 79.6 mg
(0.80 mmoils) of CuCl, 254 mg (1.60 mmols) of bpy and 4.0 mL of deoxygenated DMF was
prepared. Finally, 500 uL of the CuCl/bpy stock solution (0.10 mmols of CuCl and 0.20
mmols of bipyridine; total amount of bypyridine 0.218 mmol) was added dropwise
within a period of 5 minutes. The reaction was stopped after 120 min at 41% of
conversion by diluting with 0.5 mL of DMF and bubbling air through the mixture. The
crude of the reaction was diluted with 8 mL of DCM and passed through a short basic
alumina column to remove the catalyst. Finally, the polymer was isolated by

precipitation in cold methanol and dried under vacuum.
2.3 — Cleavage of I,-PDL-PMBL block copolymers

2.3.1 - Reductive cleavage of 1;-PDL-PMBL (Scheme SI.14 and Figure 51.46)

In a 50 ml Schlenk flask with a Teflon coated stirring bar and sealed with a rubber
septum, 220 mg of 1;-PDL-PMBL (Mnsec 20100 g/mol) were dissolved in 20.0 mL of THF.
Then, 320 ulL of BusP were introduced using a syringe ([BusP] = 0.078M; 150 eq.). The
mixture was stirred at room temperature and samples were withdrawn at pre-set times

and analysed by SEC and 'H NMR.
2.3.2.-Acid cleavage of 1>-PDL-PMBL (Scheme SI.15 and Figure 51.47)

Two tests using 0.01M and 0.5M solutions of TFA were carried out.

In a 100 ml Schlenk flask with a Teflon coated stirring bar and sealed with a rubber
septum, 250 mg (1.2x107° mol) of I,-PDL-PMBL (Mnsec 20600 g/mol) was stirred in 30 mL
of THF containing 150uL (0.5 % w/w) of water until complete solution. Then 25 pL
(0.01M) or 1200 uL (0.5M) of TFA was introduced using a syringe. The mixture was

stirred at room temperature and samples were withdrawn at pre-set times for analysis.
2.3.3.-Acid cleavage of I13-PDL-PMBL (Figure S1.48)

In a 100 ml Schlenk flask with a Teflon coated stirring bar and sealed with a rubber
septum, 400 mg of I3-PDL-PMBL (Mnsec 22900 g/mol) was dissolved in 50 mL of THF

containing 250pL (0.5 % w/w) of water until complete solution. Then 2.0 mL of TFA was
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introduced using a syringe ([TFA] = 0.5M). The mixture was heated at 40 °C and samples

were withdrawn at pre-set times for analysis by SEC and *H NMR.

2.3.4 — Homogeneous photolysis of 1,-PDL-PMBL and Is-PDL-PMBL in acetone solution
with TPP/O; under UV irradiation. (Figure S1.53)

Tests were carried out in DURAN® cylindrical Schlenk flasks refrigerated with water and

irradiated with a 400 W high pressure sodium lamp (Philips HPI-T Plus 400W 645 E40).

About 100 mg of the thioacetal containing block copolymer (Mnsgc = 20.000 g/mol (D =
1.18) and Mnsgc = 19.000 g/mol (P = 1.15) for 12 and Is block copolymers respectively)
was placed in a 50 mL cylindrical flask equipped with a Teflon-coated magnetic stirrer.
Then, 20 mL of a 10 M solution of meso-tetraphenylporphyrin (TPP) in acetone was
added. Once the polymer was completely solubilized, a gentle oxygen stream was
bubbled throughout the reaction mixture while irradiated. Samples were withdrawn at
pre-set times and analysed by SEC. After 48 h a new amount of TPP was added and the

irradiation and monitoring were continued.

2.3.5 — Photolysis of 1,-PDL-PMBL and Is-PDL-PMBL with TPP/H,0, under UV irradiation.
(Figures SI.55 and S1.56)

About 150 mg of the thioacetal containing block copolymer (Mnsgc = 20.000 g/mol (D =
1.18) and Mnsgc = 19.000 g/mol (D = 1.16) for 14-PDL-PMBL and Is-PDL-PMBL block
copolymers respectively) was solubilized in 30 mL of a 10> M solution of TPP in acetone.
The polymer solution was split into three 25 mL cylindrical flask and the solvent
evaporated under vacuum to form thin films. Then, 15 mL of a 15% hydrogen peroxide
in phosphate buffer solution (pH 7.4) was added to each flask which were irradiated.
After pre-set times (3h and 6h) the aqueous phase was removed, and the polymer

analysed by SEC and 'H NMR.

In all cases the withdrawn samples were conveniently neutralized with solid NaHCO3
(when necessary), dried with anhydrous MgSO4 and concentrated to dryness. Once the
degradation was complete, the remaining solutions were concentrated under vacuum
and precipitated twice over cold methanol and the polymer isolated by centrifugation,

dried under vacuum for 24 h.



3. RESULTS AND DISCUSSION

The synthetic route to (poly-a-methylene-y-butyrolactone)-co-(poly-d-decalactone)-co-
(poly-a-methylene-y-butyrolactone) (I.-PDL-PMBL) ABA block copolymers followed in

this work is depicted in Scheme 1.
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Scheme 1. Synthesis of PMBL-co-PDL-co-PMDL (I,-PDL-PMBL) triblock copolymers by
one-pot two-steps ROTEP of DL with initiators I to Is, BiB-Im modification, and ulterior

ATRP chain extension with MBL.
3.1- Synthesis of a,®-poly(d-decalactone)diols (I,-PDL-OH) (Step 1 in Scheme 1)

In order to prepare poly(d-decalactone)diols with a cleavable sensitive moiety, different
diols (l1 to Is) which have disulphide, acetal or thioacetal groups were chosen. 1,8-
octanediol (lg) was also used as “non-cleavable” reference and model for the different

functionalization and chain extension steps. (Scheme 1)

Non-commercial diols (I2 to Is) were synthesized following different reported methods
selected by considering their ease to be scaled and the purification procedure (SI.1.3)
Acetals I and I3 were obtained by photo initiated thiol-ene addition of 2-
mercaptoethanol to acetaldehyde diallylacetal and commercial 3,9-divinyl-2,4,8,10-

tetraoxaspiro[5,5]undecane respectively [38]. Thioacetals l4 and Is were synthesized by



reaction of 2-mercaptoethanol with methylene dibromide in basic media (NaOH) [39]

and with anisaldehyde catalysed by NiCl,-6H,0 [40] respectively.

Polymerization of 6-decalactone (DL) with 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) has
been extensively studied by Martello et al. [33] Following the reported procedure,
ROTEP of DL using 1,8-octanediol (lp) as initiator [DL]:[1,8-Oct] = 150:1 and TBD as
catalyst [TBD]:[1,8-Oct] = 0.8:1 ([TBD]:[-OH] = 0.4:1) was carried out in bulk at 25 °C .
According to 'H NMR and SEC measurements (SI.1.6.1), the polymerization proceeds
with fair molecular weight control (b = 1.2-1.5) up to 70-80% conversion which
corresponds to the maximum thermodynamic conversion of 3-DL at 25 °C. Previous
ROTEP tests using methanol to isolate the polymer, indicated an overestimation of the
CHOH end group 'H NMR signal in the resulting samples due to TBD induced
methanolysis of unreacted DL during the work up. This fact, that was confirmed by the
presence of methyl 5-hydroxydecanoate in the volatile fraction collected under vacuum,
has been previously described in ROTEP of lactones [41]. To suppress this undesired
reaction, acetonitrile was tested as precipitating media. Results (Table SI.1 and Figure
SI.11) indicate the convenience of this solvent giving similar polymer recoveries and

preventing the formation of undesired hydroxyl impurities.

3.2- Synthesis of a,m-poly(6—decalactone)diol bis-a-bromoisobutyrylesters (I,-PDL-Br)
(Step 2 in Scheme 1)

Commonly, the activation of polyesterdiols as a-bromoisobutyrates is performed in a
multistep sequence that involves the isolation and purification of the polyester, the
reaction with a-bromoisobutyryl bromide (BiB-Br) in presence of organic bases (EtsN,
DMPA) and finally the isolation and purification of the resulting modified ester. [21, 42,
43] This latter step implies removing insoluble amine salts, aqueous work-up and very
often an ulterior polymer purification to remove the brown impurities that usually
accompanied this protocol. We sought for a more straightforward route to prepare
these macroinitiators by direct functionalization of the hydroxyl end groups in the

polymerization mixture once the theoretical maximum conversion was reached.

Acylimidazoles have been described as effective acylating agents and can be

conveniently synthesized from the corresponding acyl halide and imidazole or the



parent carboxylic acid and carbonyldiimidazol. [44] Acylimidazoles give imidazole as the
only by-product, which is easily removable and do not produce strong pH changes in the
medium, thus contributing to negligible chain degradation. Accordingly, these acylating
agents have been previously used to activate hydroxyl groups to perform ATRP [45] or
SET-LRP. [46,47] Moreover, N-(a-bromoisobutyryl)imidazole (BiB-Im) is an easy to

handle stable reagent that can be easily synthesized in large quantities [45].

Reaction of lo-PDL-OH with BiB-Im (4 eq) in THF at 60 °C did not afford appreciable
acylation. On the contrary, after the addition of DBU or TBD (ca. 5%) the reaction
proceeds smoothly, and complete esterification took place after few hours. This result
prompted us to use BiB-Im directly into the bulk ROTEP medium once the ceiling
conversion has been reached. Thus, addition of BiB-Im (4 eq) to the polymerization

mixture gave the desired l,-PDL-Br after rising the temperature to 55 °C for 24h.

To assess the method effectiveness, lo-PDL-OH esterification assays were carried out
following three different strategies by comparing the resulting BiB esters in terms of
degree of modification, molecular weight and ease of isolation and purification.
(S1.1.6.3) First approach involved two separate steps, i) ROTEP of DL and isolation of the
resulting lo-PDL-OH and ii) conventional modification with BiB-Br in DCM/TEA. In the
second, the two steps were carried out consecutively in one pot after diluting with DCM.
The third, involved the same two steps-one pot procedure but using BiB-Im instead of
BiB-Br. Similar molecular weights (Table SI.2) and complete esterification degree were
obtained in all cases, but polyesters obtained with BiB-Br have a slightly higher
polydispersity index and a marked brown colour which needed for further purification.
Thus, the use of BiB-Im, allow us to perform the DL polymerization and lo-PDL-OH
activation following two sequential steps in one pot reaction (Step 2 in scheme 1).
Precipitation in acetonitrile was found to effectively eliminate not only unreacted DL
and TBD but also the excess of BiB-Im, imidazole and the traces of N-(a-
bromoisobutyryl)-1,5,7-triazabicyclo[4.4.0]dec-5-ene formed in small quantities during
the modification step (Figure SI.12). The fidelity of end group modification with BiB-Im
was also assessed by MALDI-TOF (Figure 1).
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Figure 1.- MALDI-TOF spectra of a) lo-PDL-OH and b) lo-PDL-Br obtained by one-pot two-
steps modification with BiB-Im. Samples prepared using trans-2-[3-(4-tert-butylphenyl)-
2-methyl-2-propenylidene]malononitrile  (DCTB) as matrix and  potassium

trifluoroacetate (KTFA) as cationization agent (recorded in reflector mode).

The two-step procedure was applied to initiators lo to Is using the same polymerization
conditions: [DL]:[In] = 150:1; [TBD]:[ln] = 0.8:1 ([TBD]:[-OH] = 0.4:1); bulk at 25 °C with
targeted Mn around 20x10% g/mol. Polymerizations were stopped at around 75%
monomer conversion (10h). The exact conversions and molecular weights determined
by *H NMR and SEC for each initiator are indicated in Table 1. In all cases, small samples
of the polymerization mixture were withdrawn to have also the corresponding I»-PDL-
OH for characterization purposes. Following, addition of BiB-Im (4 eq) and rising the
temperature up to 55 °C was carried out for the modification step. I,-PDL-Br
macroinitiators were isolated by precipitation in cold acetonitrile with yields ranging 60-

70 %, after drying, as colourless transparent viscous liquids.

The different polyesters (I,-PDL-OH and I,PDL-Br) were characterized by SEC in THF, H
NMR and *3C NMR spectroscopy and by MALDI-TOF when samples were stable enough
under MALDI conditions. (Figures SI.15 to SI.30). Polymer conversions, yields and

molecular weight characteristics are collected in table 1.

Table 1- Conversion and molecular weight characteristics of the macroinitiators obtained

by polymerization of DL with TBD initiated with initiators lp to Is and ulterior modification
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with Bib-Im. Polymerization conditions [DL]:[l] = 150:1, [TBD]:[OH] = 0.4:1 in bulk at 25
°C for 10h; Modification conditions [BIB-Im]:[OH] = 4:1 at 55 °C for 12h.

|  Conv.? Yield® Mntheor® Mnnwr?  Mnnwg,© Mnsec’ pf
(%) (%)  (g/mol) (g/mol) (g/mol) (8/mol)
(x10%)  (x103) (x103) (x103)
o 77 68 20.0 18.9 18.1 23.5(5.8) 1.16 (1.15)
i 80 71 20.7 21.7 20.4 24.8(5.9) 1.29 (1.23)
. 79 66 20.5 20.1 19.6 22.4(5.0) 1.16(1.11)
s 82 75 21.3 22.5 22.4 24.3(6.0) 1.17 (1.11)
la 78 65 20.2 20.1 19.2 23.3(5.6) 1.18(1.20)
Is 78 62 20.2 19.9 19.3 22.9(5.4) 1.16(1.18)

aDetermined by *H-NMR spectroscopy by comparing the intensity of the signals of the polymer backbone
(4.88 ppm) and the unreacted monomer (4.28 ppm). ° Polymer recovery after precipitation in cold
acetonitrile. © Determined from targeted DP and the obtained conversion. ¢ Determined by ‘H-NMR
spectroscopy by comparing the intensity of the signals of the polymer backbone (CH-OOC) at 4.88 ppm
and the initiator (CH20): lo = 4.05 ppm, 11 = 4.33 ppm, 12 = 4.21 ppm, I3 = 4.21 ppm, |2 = 4.25 ppm and Is =
4.17 ppm. € Determined by *H-NMR spectroscopy by comparing the intensity of the signals of the polymer
backbone (CH-OOC) at 4.88 ppm and the methyl BiB groups at 1.93 ppm.f Plain values determined using
SEC in THF, relative to polystyrene standards; values between brackets, determined using SEC in DMF
(0.05% LiBr) relative to PMMA standards.

As can be seen, molecular weights determined by 'HNMR spectroscopy from both the
initiator (CH2-O0C) and the BiB groups (OOCC(CHs)2Br) (Figure SI.13) match reasonably
well with those of the theoretical ones calculated from the conversion degree, indicating
an adequate control of the molecular weight and a negligible hydrolysis during the
modification and work up steps. Molecular weights determined by SEC vary depending
on the solvent polarity due to changes in hydrodynamic volume. In THF using PS
standards, they are slightly higher than the calculated by *H NMR (in the range of 22-
25x10°% g/mol) whereas in DMF fall to 5.0-6.0x10% g/mol. In both cases monomodal
distributions with b values between 1.16-1.18 (in THF) were observed except for I1-PDL-
OH obtained with the commercial disulphide-diol. Repeated attempts to obtain a
narrower polymer with this initiator were unsuccessful, which could be related with

some TBD mediated disulphide exchange with trace amounts of thiol impurities during
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the polymerization process. [48] Similar polydispersity values have been reported in the

TBD catalysed ROTEP of disulphide monomers. [49]

The ROTEP and modification steps could be followed by *H NMR by the changes in the
chemical shifts of the pristine initiator In, the I,-PDL-OH polyester and the I,-PDL-Br
macroinitiator. In figure 2 a, b and ¢, the *H NMR spectra of |3, I3-PDL-OH and |3-PDL-Br

are shown with the most relevant assignments as a representative example.
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Figure 2.- Region between 5.2 and 2.5 ppm of the *H NMR spectra of a) initiator I3 ; b) I3-
PDL-OH and c) Is-PDL-Br recorded in CDCls.

As can be seen, the multiplet signal at 3.73 ppm (a) corresponding to the -CH,OH group
in the initiator (figure 2a), shifts to 4.20 ppm (a’) in I3-PDL-OH (figure 2b). Moreover, the
multiplet of the final CH-OH end-groups at 3.58 ppm (5’) can be observed. No signals of

the starting diols were detected in the isolated polyesters. After BIB esterification, the
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CHOH signal at 3.58 ppm disappear and the new CH-O-BiB signal shifts to 4.8 ppm
overlapping with that of the PDL main chain (5). Moreover, new signals corresponding

to the methyl’s in the BiB ester group at 1.93 ppm (C) are observed (Figure 2c).

13C NMR spectra also confirmed the structures, being the most remarkable trend the up
shielding of the methine end group from 71.4 ppm to 75.7 ppm upon esterification.
Noticeably, in 3C NMR spectra of 1,-PDL-OH (figure 3), signals of the methine (5’) and
the carbonyl (1’ and 1”’) of the two last repetitive units appear split independently of
the sample molecular weight. gHSQC correlation experiments (Figure SI.14) indicate that
both 3C NMR CH-OH signals correlate with the same H signal at 3.58 ppm. Moreover,
the THNMR splitting disappears after trifluoroacetilation leading a single signal at -76.2
ppm in PF-NMR thus confirming the existence of a single type of hydroxyl end-group.
These facts seem to indicate that splitting is due to sequence sensitivity probably

favoured by intramolecular hydrogen bonding in the ultimate units.

.-/\/\o 1|n o fo) o T 5 OH

1 n 1"

T T T T T T T ™ T T T T T
174.0 173.5 173.0 ppm 7186 71.2 70.8 PpPmM

Figure 3.- Regions between 174 and 172 ppm and betewen 71.7 and 70.7 ppm of the 13C
NMR spectra of a) lo-PDL-OH of Mnunr 1520 g/mol; b) ) lo-PDL-OH of Mnnmr 18.900

g/mol, recorded in CDCls.

MALDI-TOF spectra of both I,-PDL-OH and I,-PDL-Br (Figure SI.15 and SI.23) resulted
challenging and high energy pulses had to be used in most cases. Consequently, some
low molecular scission products were observed in polymers containing acetal linkages

and in minor extent polymers containing thioacetal linkages. Despite this, clear pattens
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with peaks differing 170.13 mass units were observed. In the case of [;-PDL-OH and I1-
PDL-Br only low molecular weight fragmentation products were observed according to
the reported ease of scission and oxidation of disulphides under MALDI sample

preparation. [50] In all cases no peaks of remaining I,-PDL-OH could be detected.
3.3- ATRP chain extension with MBL. Synthesis of I.-PDL-PMBL (Step 3 in Scheme 1)

After preparing the different I,-PDL-Br soft segment macroinitiators with a DP around
120 (20000 g/mol), chain extension with MBL was faced (step 3 in Scheme 1). According
to previous works [22, 23, 37] phase segregation is reached when 15-20% (w/w) of the
hard block is incorporated. Accordingly, a final DP of the PMBL block of 40 (4000 g/mol)
was targeted. A specific DP can be achieved by tuning several parameters, [51] for
instance, targeting a high final DP and limiting the conversion degree or targeting the
desired DP and extending the conversion upon completion. Considering sustainability
issues, the ideal situation would be that most of the monomer became incorporated in
the final polymer. However, the combination of low targeted DP and moderate-high
conversions could involve an increase of dead chain fraction (DCF). Moreover, the
limited solubility of PMBL requires using polar solvents such as DMF which influence the
initiation efficiency [52] and reduces [MBL]o which in turn also increases DCF.
Consistently, in order to establish a proper balance between monomer conversion and
chain extension fidelity, MBL polymerization using 1,4-phenylene-bis(methylene)bis(2-
bromoisobutyrate) (len-Br) as model difunctional ATRP initiator was carried out. Since
BiB groups possess limited initiation efficiency for MMA like monomers [53] and MBL

has higher reactivity than MMA, the halogen exchange approach was used. [54]

Thus polymerization using the conditions [MBL]:[lph-Br]:[CuCl]:[CuCl;]:[bpy] =
125:1:2.2:0.2:4.8 in DMF (55% v/v) at 50 °C was followed up to 85% conversion. (SI.1.7).
Molecular weight increased linearly and polydispersities decreased with conversion up
to D = 1.07 (Figures SI.32 and SI.33). Molecular weights determined by *H NMR
spectroscopy and by SEC were slightly higher than the theoretical ones as expected by
limited initiator efficiency. Structural analysis (figure SI.31 and Sl.34) showed the
presence of about 5-7% of a-chloroisobutyryl groups in the final polymers. These
groups, which are much less effective for initiation, could most likely be produced by

halogen exchange with the initiator during the initiation (Figure 4c). This feature is
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supported by presence of some low molecular tails in the SEC chromatogram

corresponding to monoinitiated polymers (Figure SI.32).

This assay showed that, with the tested conditions, high monomer incorporation ratios
can be achieved (40-50%) with reasonably good fidelity and high initiation efficiency (~

90%) Accordingly, the same ATRP conditions were applied for macroinitiators I,-PDL-Br.

Polymerizations procced smoothly with a notable viscosity increase and after 60-90 min,
38-45% conversions determined by *H NMR spectroscopy were reached (Figure SI.35).
I,-PDL-PMBL copolymers were isolated as white rubbery filamentous flakes which were

characterized by *H and *3C NMR spectroscopy and SEC. Result are collected in Table 2.

Table 2 - Conversion and molecular weight characteristics in the polymerization of MBL
with  macroinitiators  I,-PDL-Br.  Polymerization  conditions  [MBL]:[I,-PDL-

Br]:[CuCl]:[CuCl;]:[bpy]; 125:1:2.2:0.2:4.8, 50 °C, in DMF (55 % v/v).

b -3\c
Conv.? Mnskc . Mnnmr (g/mol) (x10°3) % (wt) of

Ih-PDL-PMBL o (g/mol) b

(%) 3 Poly(DL)  Poly(MBL) PMBL

(x1073)

lo-PDL-PMBL 41 18.9 1.17 19.2 3.8 16.5
[1-PDL-PMBL 39 20.1 1.27 20.2 3.6 17.8
[>-PDL-PMBL 44 20.6 1.17 19.5 4.1 17.4
I3-PDL-PMBL 45 22.9 1.17 21.1 4.0 16.6
l4-PDL-PMBL 42 20.0 1.18 19.0 3.9 17.0
Is-PDL-PMBL 38 19.0 1.16 20.1 3.7 15.5

“Determined by 'H-NMR spectroscopy from the crude reaction mixture using the signals of
monomer (5.68 ppm) and polymer backbone (4.38 ppm). °Determined by SEC using DMF (0.05%
(w/w) LiBr) as eluent and PMMA standards. ¢ Determined by *H-NMR spectroscopy from the
isolated polymer using the signal of the initiator (lo = 4.05 ppm, I; =2.91 ppm, I, = 2.65 ppm, I3 =
2.64 ppm, 14 = 2.87 ppm, Is = 3.81 ppm) and the PDL backbone signal (4.87 ppm) and PMBL

backbone signal (4.38 ppm) respectively.

SEC measurements in DMF (Figure S1.36) show monomodal distributions with a clear
increase on the molecular weight indicating that chain extension occurs in all cases.
Polydispersity values of the final copolymers slightly increase due to the presence of the

above mentioned low molecular monoininitiated species (Figure 4a).
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'H-NMR analysis of 1,-PDL-PMBL block copolymers could be conducted CDCls (Figure 4b
and SI.37-42). The incorporation of 15-17 % of PMBL could be determined from the
relative intensity of the signals at 4.87 ppm (CH-O in PDL backbone) and 4.38 ppm (CH,0
in PMBL ring). Moreover, molecular weight of both segments could be estimated from
the signals of the initiator. Initiation efficiency could not be calculated since the methyl
signals of the chain extended isobutyryl units appear overlapped with the broad signal
of methylenes 7, 8 and 9 of the PDL moiety (Figure 4b). In most cases, small methyl peaks
at c.a. 1.77 ppm associated to the formation of chloroisobutyryl groups were detected
indicating the presence of small percentages of monoinitiated species which correlate

with the tails in the SEC traces (Figure 4a).

0 cuCi(bpy), o CcuBrCi(bpy), ¢
0 ~o Bf —— = ™o . _— ,"\OJJXCI
cu™BrCl(bpy), Cu®Br(bpy),
o % e

12 14 16 18 18 4.‘4 ‘ 4.‘0 Y ‘ 3:2 ‘ 21& 24 io i 15 1.0 0.5
Time (min) ppm

Figure 4.- a) SEC chromatograms in the MBL chain extension of 1,-PDL-Br (red trace) to
I,-PDL-PMBL (blue trace); b) region between 4.9 and 0.5 ppm of the *H NMR spectrum of
I-PDL-PMBL with the corresponding assignments; c) proposed mechanism for the

halogen-exchange deactivation of a-bromoisobutyryl groups in ATRP.

13C NMR spectra also confirm the extensive chain extension and support the calculated
ratios between the soft and hard segments by comparing the intensities of the carbonyl
(C=0), methylene (CH,00C) and methine (CHOOC) carbons of both repeating units (1, 4
and 5 in figures SI. 37b to 42b). Signals of methylenes 5 and 3 in the MBL repeating unit

appear as broad signals at about 42 and 30 ppm respectively.
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3.4- Thermal properties of I,-PDL-PMBL

Although a detailed characterization of the thermo-mechanical properties of these
materials was not within the scope of this work, the representative thermal and thermo-
mechanical behaviour of lo-PDL-PMBL copolymer was analysed by TGA, DSC and DMTA.
All synthesized ABA copolymers possess similar molecular weights and comparable

structure and consequently must present similar thermal and mechanical properties.

Thermal behaviour of lo-PDL-PMBL was compared with that of lo-PDL-OH and Ipp-PMBL
as representatives of the soft and hard blocks. Weight loss profiles (Figure SI.43) of PDL
indicate higher resistance to degradation than the reported in the literature [34] in both
the homopolymer and the copolymer soft segment (Tsy 300 °C and Tmax 349 °C for lo-
PDL-OH) which can be associated to the effective removal of trace impurities that
catalyse depolymerisation processes. In the case of lph-PMBL, a single degradation step
correlating with the data reported in the literature was observed (Ts% 317 °C and Tmax
349 °C ).[55] Accordingly, lo-PDL-PMBL shows a two-step degradation with maximums
at 351 and 413 °C.

Analysis by DSC of lo-PDL-OH and lph-PMBL (Figure Sl.44) also agree with the reported
literature values (Tg = - 53 °C for lo-PDL-OH and Tg = 181 °C for lph-PMBL). [33, 55] In the
case of lo-PDL-PMBL block copolymer, a first glass transition corresponding to the PDL
soft block is clearly observed at — 52 °C. The second transition corresponding to the
PMBL hard block can be perceived around 170 °C suggesting the occurrence of phase-
separation. This second transition is about 25 °C lower than the reported for other MBL
copolymers (~195 °C) [36] which has to be related with the plasticizing effect of a small

fraction of AB block copolymer due to incomplete initiation as above mentioned.

The thermomechanical properties of lo-PDL-PMBL block copolymer were analysed in a
in a three-point bending configuration monitoring the modulus as function of
temperature from — 80 to 220 °C (Figure S1.45). Tan 6 plot showed a first peak at - 36 °C
corresponding to the glass transition of the soft PDL block. Below this temperature the
material showed a storage modulus (E’) of 1674 MPa, indicating that is hard and brittle.
After the first glass transition the storage modulus (E’) lowered until 11.9 MPa and
showed a plateau which dominates over the viscous response (E’ > E”, and tan (0)

tending to zero) correlating with the region of elastomeric behaviour. A second glass
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transition, corresponding to the PMBL hard block, was observed as a second tan 6 peak
at 164 °C. An additional smooth transition at c.a. 10 °C was detected in the storage
modulus (E’) and Tan J plots. This transition could be attributed to the |o,PDL-PMBL AB
block fractions which could also be the cause of the lower softening temperature of the
hard block (164 °C) compared to similar copolymers ( ~195°C). [36] In this way, mono-
initiated chains seems to act as plasticizer rarefying the mechanical response and

reducing the elastomeric temperature range from - 36 to 164 °C.
3.5- Cleavage of I,-PDL-PMBL

As last step, we faced the cleavage tests using the stimuli and reaction conditions
reported in the literature. Reductive scission of disulphide linkages it is commonly
carried out by thiol-disulphide exchange or using phosphines as reducing agents.
[56,57,58] BusP/H,0 in THF at room temperature ([BusP] = 0.078M; 150 eq.) (S1.1.9.1)
effectively cleaved the copolymer after 30 min. SEC chromatograms showed than
molecular weight of the resulting AB copolymer (Mnsgc 9900 g/mol; D = 1.20) was about
half the starting ABA copolymer (Mnsec 20.100 g/mol; D = 1.27) after 30 min (Figure 5a).

Oh 0.5h Oh
3h |
1h ! ‘
a) b) c)
12 13 14 15 16 17 18 12 13 14 15 16 17 18 12 13 14 15 16 17 18
time (min) time (min) time (min)
h 6h
oh 30h Oh 6h 0
3h
d) e) f)
12 13 14 15 16 17 18 12 13 14 15 16 17 18 12 13 14 15 16 17 18
time (min) time (min) time (min)

Figure 5.- SEC chromatograms of the I,-PDL-PMBL cleavage experiments versus time: a)
I1-PDL-PMBL in THF using BusP/H>0 at room temperature ; b) 1>-PDL-PMBL in THF/H>0
using TFA (0.01M) at room temperature; c) I>-PDL-PMBL in THF/H-0 using TFA (0.5M) at
room temperature; d) I3>-PDL-PMBL in THF/H;0 using TFA (0.5M) at 40 °C; e) l,-PDL-PMBL
and f) Is-PDL-PMBL using H,02/TPP/hv without solvent.
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The cleaved polymer showed a low molecular weight tail most likely arising from the
monoinitiated chains present in the starting sample. In fact, [:-PDL-PMBL possessed the

widest D value and the higher amount of chloroisobutyryl free groups.

IH NMR spectra of the obtained AB copolymer (Figure SI.46 and Scheme SI.14) showed
the signals of both PDL and PMBL segments and the complete disappearance of the
signal at 2.92 ppm corresponding to the disulphide moiety -CH,-S-S-CH,-. Moreover, two
new signals at 4.19 and 2.74 ppm attributable to the —COOCH,CH,SH end-group were
observed. The relatively low intensity of these signals and the presence of a methyl ester
signal at 3.67 ppm, seems to indicate that some intramolecular Sn2 displacement of the
intermediate thiolate groups and ulterior esterification during the methanolic work-up

may also occur. (Scheme 2a) [56,59]
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Scheme 2. Cleavage experiments displaying the different detected species, the proposed
cleavage mechanisms and some of the characteristic 'H NMR signals chemical shifts. a)
cleavage of 1:-PDL-PMBL in THF using BusP/H-0; b) cleavage of I,-PDL-PMBL in THF/H>0
using 0.01M and 0.5M TFA; c) cleavage of I3-PDL-PMBL in THF/H>0 using 0.5M TFA at 40
°C; d) cleavage of thioacetal derivatives: i) cleavage of 15-M and Is-M in DMSOus/I2 at 90
°C; ii) cleavage of Is-M, 12-PDL-PMBL and Is-PDL-PMBL using O2/TPP/hv in acetone; iii)
cleavage of 14,-PDL-PMBL and Is-PDL-PMBL using H.0,/TPP/hv without solvent; iv)
oxidation of 1.-M with 50% H>0:.
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Acetals and related groups (orthoesters) are one of the most studied functionalities for
producing acid cleavable polymers [60] with the ability to fine tune the hydrolysis pH by
selecting the appropriate substituents [61]. The acid triggered cleavage response of |-
PDL-PMBL and I3-PDL-PMBL was studied using TFA in THF solution containing 0.5% of
water (Figure Sl.47and Scheme SI.15). In the case of [,-PDL-PMBL, 0.01M and 0.5M TFA
solutions were tested at room temperature. SEC chromatograms show that complete
degradation takes place after about 24h in both cases. The initial ABA copolymer with
Mnsec = 20.600 g/mol and D = 1.17 lead to AB block copolymers with similar narrow
distributions and Mnsgc = 10.400 g/mol (D = 1.10) and Mnsgc 10000 g/mol (b = 1.10)
respectively (Figure 5b and 5c). *H NMR analysis of the recovered polymers confirmed
the complete disappearance of the acetalic group signals but revealed differences in the
structure of the end-groups (Figure SI.47). In 0.01M TFA solution, the signals of the
expected (3-hydroxypropyl)thioethyl ester end-grups (HOCH,CH,CH,SCH,CH,00C-)
were clearly observed at 4.38, 3.75, 2.75 and 2.69 ppm indicating the hydrolysis of the
acetal group as the only process (Scheme 2b). On the contrary, in 0.5M TFA solution
these signals are absent suggesting the sulphur-assisted selective hydrolysis of the
terminal ester linkage promoted under strong acidic conditions, (Scheme 2b). Similarly,
B-thiopropionate esters are well known as acid labile groups and have been extensively

used in acid-sensitive polymeric devices [62, 63, 64].

According to literature, tetraoxospiroacetals show a significant resistance to acid
hydrolysis. [38, 65] Our preliminary tests with 13-PDL-PMBL (Mnsgc 22.900 g/mol; D =
1.17) evidenced no significant hydrolysis after 24h at room temperature, thus
degradation was performed at 40 °C in 0.5M TFA/H,0 in THF. Under these conditions,
SEC traces (Figure 5d) showed a progressive cleavage which was almost complete after
24 h leading to a monomodal polymer distribution of approximately half the molecular
weight of the starting copolymer (Mnsgc 11.500 g/mol; D = 1.11) which remain unaltered
after 48h indicating no noticeable hydrolysis of the polyester main chain under these
conditions. Even though, cleavage is evident from SEC traces, the 'H NMR spectrum of
the recovered polymer (Figure SI1.48) showed the persistence of most signals of the
tetraoxospiroacetal moiety. In addition, two new signals at 3.72 and 4.11 ppm could be

observed. The triplet signal at 3.72 ppm can be assigned to hydroxyethylthio end-groups
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(HOCH,CH>-S-) arising from sulphur assisted hydrolysis of the B-thioethyl ester units in
a similar way as observed for the hydrolysis of 1,-PDL-PMBL under strong acidic
conditions (Scheme SI.15). The singlet at 4.11 ppm can be assigned to the C(CH,0H);
groups resulting from the subsequent progressive hydrolysis of the acetal units. [66]
Thus, even though cleavage of I3-PDL-PMBL can be triggered under strong acidic
conditions, it mainly proceeds by [-thioethyl ester hydrolysis leading to

tetraoxospiroacetal units that are hydrolysed at slower rates (Scheme 2c).

Chemoselective cleavage of thioacetals under mild conditions is still a challenging
process. Unless acetal groups, thioacetals are resistant to conventional acid and basic
hydrolysis requiring quite harsh conditions. As a key step in synthesis, a plethora of
cleavage methods have been developed which generally require heavy metal derivatives
and other environmentally hazardous reagents. [67] A common approach involves the
transformation of thioethers into better leaving sulfonium groups by using different
halogen sources. Interestingly, catalytic amounts of iodine proved to be effective in
thioacetal deprotection when DMSO is used as oxygen source. [68, 69] Moreover, the
cleavage by iodonium ions would give access to a more general procedure using

chloronium ions in bleach, a common chemical used in paper processing.

This procedure was first tested on two thioacetal model compounds 12-M and 15-M
obtained by esterification of diols l4 and Is with dodecanoyl chloride (S1.1.9.4.2). 14-M
and Is-M were dissolved in DMSO-d6 containing 1% of I, at 90 °C and the reaction
monitored by 'H NMR spectroscopy. In both cases the characteristic thioacetal signal at
3.72 and 5.02 ppm respectively disappeared. In the case of Is-M, deprotection was
complete after only 30 min but 12h were required for 12-M in accordance to the lower
stability of the intermediate cationic species in methylene thioacetals (Scheme SI.18).
However, according to the *H NMR spectra (Figure SI.51b and c) the cleavage produces
a mixture of aldehyde and the disulphide derivative, what supposes an effective
deprotection of the carbonyl group but not a real cleavage of the polymer chains
(Scheme 2d, i)). Recent studies confirm the formation of disulphides in the H,0;

oxidative [70] and the iodine activated photooxidative [71] deprotection of thioacetals.

Precisely, photooxidative cleavage is another common approach which has recently

experienced an increasing interest when applied to the production of ROS-responsive
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polymeric drug carriers. [72,73] Photooxidative deprotection of cyclic and acyclic
thioacetals has been described to proceed under mild conditions with light irradiation.
[71,74,75] Singlet oxygen (102) has been proposed as reactive species in the S-C bond
cleavage leading to different products depending on the nature of the substituents and

the redox potential of the sensitizer used. [75]

Initial tests were carried out using UV irradiation in a saturated oxygen atmosphere and
meso-tetraphenylphorphin (TPP) as sensitizer. Photolysis of thioacetal Is-M in acetone
solution was monitored by *H NMR spectroscopy (Figure SI.52). Rapid deprotection
leading to anisaldehyde and the corresponding disulfide was observed at the beginning
(2h). After complete consumption of the thioacetal, spectra became more complex
indicating the formation of different oxidized species which, according to the literature,
[76] could be attributed to a mixture of sulfinothioate (R-S-SO-S) and sulfonothioate (R-
S-SO,-R) an some thioacetal oxidation compounds formed following stablished
mechanisms (Scheme SI.19). Delightfully, after 12h a simpler spectrum showed the
formation of a main product whose 'H NMR signals suggest the formation of the
carbonyloxyethanesulfonic derivative (-COOCH,CH,SO3H) together with some
remaining disulfide (Scheme 2d, ii)) and Figure SI.52d).[77] With these results, the same
methodology was applied to l4-PDL-PMBL (Mnsgc 20.000 g/mol; D = 1.18) and Is-PDL-
PMBL (Mnsec 19.000 g/mol; D = 1.16) copolymers (Scheme 2d, ii)). In both cases, SEC
traces (Figure S.1.53 a and b) indicate a progressive slow cleavage leading to polymers
with about half the initial molecular weight. However, the process seems to be
incomplete and some high molecular weight fractions remain after 24-48h especially in
the case of I4-PDL-PMBL. Prolonging irradiation after a new TPP addition seems not

increase substantially the cleavage extend.

Hydrogen peroxide, a common paper processing chemical, has also been described as
an effective source of ROS in the photolysis of thioacetals in aqueous media. [78,79]
With the aim to improve the extend of cleavage we tested heterogeneous-phase
photolysis using H,0, as oxygen source. Accordingly, thin films of 145-PDL-PMBL and Is-
PDL-PMBL containing catalytic amounts of TPP were irradiated in presence of a 15 %
H.0; in a phosphate buffer solution (pH 7.4). As can be seen in Figure 5e and f, SEC traces

show fast degradation which is almost complete for Is-PDL-PMBL in 3h. The effective
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oxidative cleavage must be related to photoactivation processes since oxidation of 14-M
with 50% H,0:; in absence of irradiation and photosensitizer was proved to give only the
corresponding sulfoxide-sulfone thioacetal derivatives (Scheme 2d, iv) and Figure SI.54).
'H NMR spectra of the resulting polymers (Figure SI.55 and SI1.56) showed the complete
disappearance of thioacetal signals. In the case ls-PDL-PMBL, small intensity signals
attributable to the sulfonic end groups are mainly detected together with some signals
attributable to disulphide oxidized compounds related to the remaining high molecular
weight fractions (Scheme 2d, iii)). In the case Is-PDL-PMBL, no significant end-group
signals are observed. In both cases, the small intensity of the end-group signals and the
presence of a singlet at ca. 3.67 ppm (-COOCH3) seem to indicate extensive end-group

hydrolysis/methanolysis during the photolysis and methanolic work up.

CONCLUSIONS

ABA triblock copolymers containing different central stimuli cleavable groups have been
prepared from bio-based 6-decalactone (DL) and a-methylene-y-butyrolactone (MBL).
Polyester soft block macroinitiators have been prepared by ROTEP of DL with TBD as
catalyst, followed by esterification of the hydroxyl end-groups with BiB-Im in a one-pot
two-steps procedure. This protocol proved to give the corresponding macroinitiators
with good control of the molecular weight and high end-group fidelity skipping
intermediate isolation and purification steps. ATRP chain extension with MBL was
carried out targeting relatively high MBL conversions in order to maximize monomer
usage. Under the tested conditions, good molecular weight control and reasonably high
initiation efficiencies were achieved in all cases. Microstructural characterization
revealed that halogen exchange during the initial steps forming 2-chloroisobutiryl
groups is responsible for the incomplete initiation and the presence of some low
molecular weight tails in SEC traces. The cleavage of all block copolymers under the
appropriate stimuli produced the expected AB copolymers. Reductive and acidic
cleavage of disulphide and acetal groups proceeds nicely under mild conditions. On the
contrary, cleavage of the tetraoxospiro group requires stronger acidic conditions and
occurs mainly by hydrolysis of the B-thioethyl ester linking groups. The cleavage of the
thioacetal groups have been studied with the aid of model compounds. Photooxidative

conditions in presence of TPP as sensitizer using either O, or H,0, as oxygen source, lead
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to almost complete cleavage in the case of aromatic thioacetal. The concomitant
formation of intermediate disulphide compounds and their oxidized derivatives seem to

prevent the complete cleavage in the case of the methylene thioacetal.

ACKNOWLEDGMENTS

The authors express their thank to MICINN of Spain with Grant (MAT2017-82669-R) for

financial support for this work.
Data Availability

The raw/processed data required to reproduce these findings cannot be shared at this

time due to technical or time limitations.
Declaration of Competing interest

There are no conflicts to declare

REFERENCES

[1] M. R. Yates, C. Y. Barlow, Life cycle assessments of biodegradable, commercial
biopolymers - A critical review, Resour. Conserv. Recycl. 78 (2013) 54-56.
https://doi.org/10.1016/j.resconrec.2013.06.010

[2] S. A. Miller, Sustainable Polymers: Opportunities for the Next Decade, ACS Macro
Lett. 2 (6) (2013) 550-554.
https://doi.org/10.1021/mz400207g

[3] D. K. Schneiderman, M. A. Hillmyer, 50th Anniversary Perspective: There Is a Great
Future in Sustainable Polymers, Macromolecules 50 (10) (2017) 3733-3749.
https://doi.org/10.1021/acs.macromol.7b00293

[4] Y. Zhu, C. Romain, C. K. Williams, Sustainable polymers from renewable resources,
Nature 540 (2016) 354-362.
https://doi.org/10.1038/nature21001

[5] N. Brun, P.Hesemann, D. Esposito, Expanding the biomass derived chemical space,
Chem. Sci. 8 (2017) 4724-4738.
https://doi.org/10.1039/C7SC00936D

[6] Z. Wang, M.S. Ganewatta, C. Tang, Sustainable polymers from biomass: Bridging
chemistry with materials and processing, Prog. Polym. Sci. 101 (2020) 101197.
https://doi.org/10.1016/j.progpolymsci.2019.101197

24


https://doi.org/10.1016/j.resconrec.2013.06.010
https://doi.org/10.1021/mz400207g
https://www.nature.com/articles/nature21001#auth-1
https://www.nature.com/articles/nature21001#auth-2
https://www.nature.com/articles/nature21001#auth-3
https://www.nature.com/nature
https://doi.org/10.1038/nature21001g
https://pubs.rsc.org/en/results?searchtext=Author%3ANicolas%20Brun
https://pubs.rsc.org/en/results?searchtext=Author%3APeter%20Hesemann
https://pubs.rsc.org/en/results?searchtext=Author%3ADavide%20Esposito
https://doi.org/10.1039/C7SC00936D
https://doi.org/10.1016/j.progpolymsci.2019.101197

[7] K. Matyjaszewski, Atom Transfer Radical Polymerization: From Mechanisms to
Applications, Isr. J. chem. 52 (2012) 206-220.
https://doi.org/10.1002/ijch.201100101

[8] J. Jennings, G. He, S. M. Howdle, P. B. Zetterlund, Block copolymer synthesis by
controlled/living radical polymerisation in heterogeneous systems, Chem. Soc. Rev. 45 (2016)

5055-5084.
https://doi-org/10.1039/C6CS00253F

[9] H. Feng, X. Lu, W. Wang, N.-G Kang, J.W. Mays, Block Copolymers: Synthesis, Self-
Assembly, and Applications, Polymers 9 (2017) 494.
https://doi.org/10.3390/polym9100494

[10] Y. Gao, D. Zhou, J. Lyu, A. Sigen A, Q. Xu, B. Newland, K. Matyjaszewski, H. Tai, W.
Wang, Complex polymer architectures through free-radical polymerization of multivinyl
monomers. Nat. Rev. Chem. 4 (2020) 194-212.
https://doi-org/10.1038/s41570-020-0170-7

[11] Y. Hu, C. Paul, Block Copolymer-Based Hot-Melt Pressure-Sensitive Adhesives in:
Technology of Pressure-Sensitive Adhesives and Products. |. Benedek and M.M.
Feldstein Ed. CRC Press. Taylor & Francis group, Boca Raton 2009.

ISBN 9781420059397

[12] N.H. Hoang, C. Lim, T. Sim, K. T. Oh, Triblock copolymers for nano-sized drug delivery
systems. J. Pharm. Investig. 47 (2017 )27-35.
https://doi.org/10.1007/s40005-016-0291-7

[13] K. Matyjaszewski, K. Spanswick. Thermoplastic elastomers by controlled/living
radical polymerization in: Thermoplastic elastomers. G. Holden, H.R. Kricheldorf R.P.
Quirk Ed. Hanser Publishers, 2004, pp. 345.

ISBN: 9781569903643

[14] U.C. Palmiero, M. Sponchioni, N. Manfredini, M. Maraldi, D. Moscatelli, Strategies
to combine ROP with ATRP or RAFT polymerization for the synthesis of biodegradable
polymeric nanoparticles for biomedical applications, Polym. Chem. 9 (2018) 4084-4099.
https://doi-org/10.1039/C8PY00649K

[15] C. Thomas, B. Bibal, Hydrogen-bonding organocatalysts for ring-opening
polymerizations, Green Chem. 16 (2014) 1687-1699.
https://doi-org/10.1039/C3GC41806E

[16] P. Olsén, Karin O. A-C. Albertsson, Thermodynamic Presynthetic Considerations for
Ring Opening Polymerization, Biomacromolecules 17 (2016) 699-709.
https://doi.org/10.1021/acs.biomac.5b01698

[17] D. K. Schneiderman, M. A. Hillmyer, Aliphatic Polyester Block Polymer Design,
Macromolecules 49 (7) (2016) 2419-2428.

https://doi-org/10.1021/acs.macromol.6b00211
25


https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Matyjaszewski%2C+Krzysztof
https://doi.org/10.1002/ijch.201100101
https://pubs-rsc-org.sabidi.urv.cat/en/results?searchtext=Author%3AJ.%20Jennings
https://pubs-rsc-org.sabidi.urv.cat/en/results?searchtext=Author%3AG.%20He
https://pubs-rsc-org.sabidi.urv.cat/en/results?searchtext=Author%3AS.%20M.%20Howdle
https://pubs-rsc-org.sabidi.urv.cat/en/results?searchtext=Author%3AP.%20B.%20Zetterlund
https://doi-org/10.1039/C6CS00253F
https://doi.org/10.3390/polym9100494
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
https://www.routledge.com/search?author=Istvan%20Benedek
https://www.routledge.com/search?author=Mikhail%20M.%20Feldstein
https://www.routledge.com/search?author=Mikhail%20M.%20Feldstein
javascript:;
https://pubs-rsc-org.sabidi.urv.cat/en/results?searchtext=Author%3AUmberto%20Capasso%20Palmiero
https://pubs-rsc-org.sabidi.urv.cat/en/results?searchtext=Author%3AMattia%20Sponchioni
https://pubs-rsc-org.sabidi.urv.cat/en/results?searchtext=Author%3ANicol%C3%B2%20Manfredini
https://pubs-rsc-org.sabidi.urv.cat/en/results?searchtext=Author%3AMatteo%20Maraldi
https://pubs-rsc-org.sabidi.urv.cat/en/results?searchtext=Author%3ADavide%20Moscatelli
https://doi-org/10.1039/C8PY00649K
https://doi-org/10.1039/C3GC41806E
https://doi.org/10.1021/acs.biomac.5b01698
https://doi-org/10.1021/acs.macromol.6b00211

[18] P. Olsén, T. Borke, K. Odelius, A.-C. Albertsson, e-Decalactone: A Thermoresilient
and Toughening Comonomer to Poly(l-lactide), Biomacromolecules 14 (8) (2013) 2883-
2890.

https://doi-org/10.1021/bm400733e

[19] M. A. Hillmyer, W. B. Tolman, Aliphatic Polyester Block Polymers: Renewable,
Degradable, and Sustainable, Acc. Chem. Res. 47 (8) (2014) 2390-2396.
https://doi-org/10.1021/ar500121d

[20] J. Shin, Y-W. Kim, G-J. Kim, Sustainable Block Copolymer-based Thermoplastic
Elastomers, Appl. Chem. Eng. 25(2) (2014) 121-133.
https://doi.org/10.14478/ACE.2014-1025

[21] M. Schappacher, N. Fur, S. M. Guillaume, Poly(methyl methacrylate)-
Poly(caprolactone) AB and ABA Block Copolymers by Combined Ring-Opening
Polymerization and Atom Transfer Radical Polymerization, Macromolecules 40 (25)
(2007) 8887-8896.

https://doi.org/10.1021/ma070417q

[22] J. Shin, Y. Lee, W.B. Tolman, M.A. Hillmyer, Thermoplastic Elastomer Derived from
Menthide and Tulipalin A, Biomacromolecules 13 (11) (2012) 3833-3840.
https://doi.org/10.1021/bm3012852

[23] K. Ding, A. John, J. Shin, Y. Lee, T. Quinn, W. B. Tolman, M.A. Hillmyer, High
Performance Pressure-sensitive Adhesives for Renovable Triblock Copolymers,
Biomacromolecules 16 (8) (2015) 2537-2539.
https://doi.org/10.1021/acs.biomac.5b00754

[24] D. Onusseit, Henkel KGaA Disseldorf, Germany. Adhesives and Tapes Designed to
be Less Detrimental to Paper Recycling.

https://www.adhesives.org/resources/knowledge-center/aggregate-single/adhesives-
tapes-designed-to-be-less-detrimental-to-paper-recycling/ 2012  (accessed 21
November 2020).

[25] M. Wei, Y. Gao, X. Li M. J. Serpe, Stimuli-responsive polymers and their applications,
Polym. Chem. 8 (2017) 127-143.
https://doi.org/10.1039/C6PY01585A

[26] L. Hu, Q. Zhang, X. Li, M. J. Serpe, Stimuli-responsive polymers for sensing and
actuation, Mater. Horiz. 6 (2019) 1774-1793.
https://doi-org/10.1039/C9MH00490D

[27] W-R. Kang, M-J. Seo, J-U. An, K-C. Shin, D-K. Oh, Production of 6-decalactone from
linoleic acid via 13-hydroxy-9(Z)-octadecenoic acid intermediate by one-pot reaction
using linoleate 13-hydratase and whole Yarrowia lipolytica cells, Biotech.
Lett. 38(5) (2016) 817-823.

https://doi-org/10.1007/s10529-016-2041-3
26


https://doi.org/10.1021/bm3012852
https://doi.org/10.1021/acs.biomac.5b00754
https://www.adhesives.org/resources/knowledge-center/aggregate-single/adhesives-tapes-designed-to-be-less-detrimental-to-paper-recycling/
https://www.adhesives.org/resources/knowledge-center/aggregate-single/adhesives-tapes-designed-to-be-less-detrimental-to-paper-recycling/
https://pubs.rsc.org/en/results?searchtext=Author%3AMenglian%20Wei
https://pubs.rsc.org/en/results?searchtext=Author%3AYongfeng%20Gao
https://pubs.rsc.org/en/results?searchtext=Author%3AXue%20Li
https://pubs.rsc.org/en/results?searchtext=Author%3AMichael%20J.%20Serpe
https://doi.org/10.1039/C6PY01585A
https://pubs-rsc-org.sabidi.urv.cat/en/results?searchtext=Author%3ALiang%20Hu
https://pubs-rsc-org.sabidi.urv.cat/en/results?searchtext=Author%3AQiang%20Zhang
https://pubs-rsc-org.sabidi.urv.cat/en/results?searchtext=Author%3AXue%20Li
https://pubs-rsc-org.sabidi.urv.cat/en/results?searchtext=Author%3AMichael%20J.%20Serpe
https://doi-org/10.1039/C9MH00490D
https://www.researchgate.net/journal/1573-6776_Biotechnology_Letters
https://www.researchgate.net/journal/1573-6776_Biotechnology_Letters
https://doi-org/10.1007/s10529-016-2041-3

[28] E.R. Marella, J. Dahlin, M. |. Dam, J. ter Horst, H.B. Christensen, S. Sudarsan, G.
Wang, C. Holkenbrink, I. Borodina, A single-host fermentation process for the
production of flavor lactones from non-hydroxylated fatty acids, Metab. Eng. 61(2020)
427-436.

https://doi.org/10.1016/j.ymben.2019.08.009

[29] R.E.A. Kitson, A. Millemaggi, R.J.K. Taylor, The Renaisance of a-Methylene-y-
butyrolactones: New Synthetic Approaches, Angew. Chem. Int. Ed. 48(2009) 9426-9451.
https://doi.org/10.1002/anie.200903108.

[30] J. Zhou, A. M. Schmidt, H. Ritter, Bicomponent Transparent Polyester Networks with
Shape Memory Effect, Macromolecules 43 (2) (2010) 939-942.
https://doi.org/10.1021/ma901402a

[31] J. T. Trotta, M. lJin, K. J. Stawiasz, Q. Michaudel, Wei-Liang Chen, Brett P. Fors,
Synthesis of methylene butyrolactone polymers from itaconic acid, J. Polym. Sci. Part A:
Polym. Chem. 55 (17) (2017) 2730-2737.

https://doi.org/10.1002/pola.28654

[32] B.G.G. Lohmeijer. R.C. Pratt, F. Leibfarth, J.W. Logan, D.A. Long, A.P. Dove, F.
Nederberg, J. Choi, C. Wade, R.M. Waymounth, J.L. Hedrick, Guanidine and Amidine
Organocatalysts for Ring-Opening Polymerization of Cyclic Esters, Macromolecules 39
(2006) 8574-8583.

https://doi.org/10.1021/ma0619381

[33] M.T. Martello, A. Burns, M. Hillmyer, Bulk Ring-Opening Transesterification of the
Renewable d-Decalactone Using an Organocatalyst, ACS Macroletters 1 (2012) 131-135.
https://doi.org/10.1021/mz200006s

[34] D. Tang, C. W. Macosko, M. Hillmyer, Thermoplastic elastomers from biobased
poly(d-decalactone) diols, Polym. Chem. 5 (2014) 3231-3237.
https://doi.org/10.1039/C3PY01120H

[35] K. K. Bansal, D. Kakde, L. Purdie, D.J. Irvine, S.M. Howdle, G. Mantovani, C.
Alexander, New biomaterials from renewable resources-amphiphilic block copolymers
from renewable 3-decalactone, Polym. Chem. 6 (2015) 7196-7210.
https://doi.org/10.1039/C5PY01203A

[36] J. Mosnacek, K. Matyjaszewki, Atom Transfer Radical Polymerization of Tulipalin A:
A Naturally renewable Monomer, Macromolecules 41 (15) (2008) 5509-5511.
https://doi.org/10.1021/ma8010813

[37] J. Mosnéacek, J.A. Yoon, A. Juhari, K. Koynov, K. Matyjaszewski, Synthesis,
morphology and mechanical properties of linear triblock copolymers based on poly(a-
methylene-y-butyrolactone), Polymer 50 (2009) 2087-2094.
https://doi.org/10.1016/j.polymer.2009.02.037

27


https://doi.org/10.1016/j.ymben.2019.08.009
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Trotta%2C+Jacob+T
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Jin%2C+Mengyuan
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Stawiasz%2C+Katherine+J
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Michaudel%2C+Quentin
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Chen%2C+Wei-Liang
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Fors%2C+Brett+P
https://onlinelibrary.wiley.com/journal/10990518
https://onlinelibrary.wiley.com/journal/10990518
https://onlinelibrary.wiley.com/toc/10990518/2017/55/17
https://doi.org/10.1002/pola.28654
https://doi.org/10.1021/ma0619381
https://doi.org/10.1021/mz200006s
https://doi.org/10.1039/C3PY01120H
https://doi.org/10.1039/C5PY01203A
https://doi.org/10.1021/ma8010813
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.polymer.2009.02.037

[38] S. Lingier, P. Espeel, S.S. Suarez, O. Tirling, S De Wildeman, F.E. Du Prez, Renewable
termoplastic polyurethanes containing rigid spiroacetal moieties, Eur. Polym. J. 70
(2015) 232-239.

https://doi.org/10.1016/j.eurpolymj.2015.07.017

[39] M.P. Kaushik, H. Rana, Facile one-step synthesis of dithiaalkanediols, Org. Prep.
Proced. Int. 37 (2005) 268-272.
https://doi.org/10.1080/00304940509354957

[40] R. A. Laskar, N.A. Begum, M.H. Mir, Md. R. Rohman, A.T. Khan, Nickel(ll) chloride
hexahydrate catalyzed reaction of aromatic aldehydes with 2-mercaptoethanol:
formation of supramolecular helical assemblage of the product, Tetrahedron Lett. 54
(2013) 5839-5844.

https://doi.org/10.1016/j.tetlet.2013.08.070

[41] M. Bouyadhyi, M.P.F. Pepels, A. Heise, R. Duchateau, m-Pentadecalactone
polymerization and -pentadecalactone/e-caprolactone copolymerization reactions
using organic catalysts, Macromolecules 45 (2012) 3356-3366.
https://doi.org/10.1021/ma3001675

[42] U. Chatterjee, X. Wang, S.K. Jewrajka, M. Souzek, Polyester/poly(methacrylate block
copolymers by combined polycondensation/ATRP: characterization and techniques,
Macromol. Chem. Phys. 212 (2011) 1879-1890.
https://doi.org/10.1002/macp.201100083

[43] V. Sathesh, J-K. Chen, C-J. Chang, J. Aimi, Z-C. Chen, Y-C. Hsu, Y-S. Huang, C-F. Huang,
Synthesis of poly(e-caprolactone)-based miktoarm star copolymers though ROP, SA
ATRC, and ATRP, Polymers 10 (2018) 858.
https://doi.org/10.3390/polym10080858

[44] P. Siengalewicz, J. Mulzer, U. Rinner, Synthesis of Esters and Lactones,
Comprehensive Organic Synthesis Il, Vol: 6, J. Johnson Ed. Elsevier, Amsterdam, 2014,
p.p. 355-410.

https://doi.org/10.1016/b978-0-08-097742-3.00612-1

[45] A. Zhu, Z. Wang, M. Xie, Y. Zhang, Synthesis of Imidazole End-Capped Poly(n-butyl
methacrylate)s via Atom Transfer Radical Polymerization with a New Functional Initiator
Containing Imidazolium Group, E-Polymers, 009 (2007).
https://doi.org/10.1515/epoly.2007.7.1.89

[46] J. Voepel, U. Edlund, A-C. Albertsson, V. Percec, Hemicellullose-based
multifunctional macroinitiator for single-electron-transfer mediated living radical
polymerization, Biomacromolecules 12 (2011) 253-259.
https://doi.org/10.1021/bm101357k

28


https://doi.org/10.1016/j.eurpolymj.2015.07.017
https://doi.org/10.1080/00304940509354957
https://doi.org/10.1016/j.tetlet.2013.08.070
https://doi.org/10.1021/ma3001675
https://doi.org/10.1002/macp.201100083
https://doi.org/10.3390/polym10080858
http://doi.org/10.1016/b978-0-08-097742-3.00612-1
https://doi.org/10.1515/epoly.2007.7.1.89
https://doi.org/10.1021/bm101357k

[47] J.R.G. Navarro, S. Wennmalm, J. Godfrey, M. Breitholz, U. Edlund, Luminiscent
nanocellulose: from controlled graft block copolymerization to biomarker sensing,
Biomacromolecules 17 (2016) 1101-1109.
https://doi.org/10.1021/acs.biomac.5b01716

[48] M. Putzu, F. Grater, M. Elstner T. Kubaf, On the mechanism of spontaneous thiol-
disulfide exchange in proteins, Phys. Chem. Chem. Phys. 20 (2018) 16222-16230.
https://doi.org/10.1039/C8CP01325)

[49] B.Yan, B. Liang, J. Hou, C. Wei, Y. Xiao, M. Lang, , Organocatalytic ring-opening
polymerization of disulfide functional macrocyclic carbonates: An alternative strategy to
enzymatic catalysis, Eur. Polym. J. 123 (2020) 109452.

https://doi.org/10.1016/j.eurpolym;j.2019.109452

[50] C. Gaillot, F. Delolme, L. Fabre, M-T. Charreyre, C. Ladaviere, A.Favier, Taking
Advantage of Oxidation to Characterize Thiol-Containing Polymer Chains by MALDI-TOF
Mass Spectrometry, Anal. Chem. 92 (5) (2020) 3804—3809.
https://doi.org/10.1021/acs.analchem.9b05207

[51] M. Zhong, K. Matyjaszewski, How fast can be a CRP conducted with preserved chain
end functionality? Macromolecules 44 (2011) 2668-2677.
https://doi.org/10.1021/ma102834s

[52] M. Horn, K. Matyjaszewski. Solvent effects on the activation rate constant in atom
transfer radical polymerization. Macromolecules 46 (2013) 3350-3357.
https://doi.org/10.1021/ma400565k

[53] W. Tang, K. Matyjaszewski, Effects of initiator structure on activation rate in ATRP,
Macromolecules 40 (2007) 1858-1863.
https://doi.org/10.1021/ma062897b

[54] C.-H. Peng, J. Kong, F. Seeliger, K.f Matyjaszewski, Mechanism of Halogen Exchange
in ATRP, Macromolecules 44 (19) (2011) 7546-7557.
https://doi.org/10.1021/ma201035u

[55] M. K. Akkapeddi, Poly(a-methylene-y-butyrolactone). Synthesis, configurational
structure, and properties, Macromolecules 12 (1979) 546-551.
https://doi.org/10.1021/ma60070a002

[56] O. Dmitrenko, C. Thorpe, R. D. Bach, Mechanism of Sy2 Disulfide Bond Cleavage by
Phosphorus Nucleophiles. Implications for Biochemical Disulfide Reducing Agents, J.
Org. Chem. 72 (22) (2007) 8298-8307.

https://doi-org/10.1021/jo071271w

29


https://doi.org/10.1021/acs.biomac.5b01716
https://pubs.rsc.org/en/results?searchtext=Author%3AMarina%20Putzu
https://pubs.rsc.org/en/results?searchtext=Author%3AFrauke%20Gr%C3%A4ter
https://pubs.rsc.org/en/results?searchtext=Author%3AMarcus%20Elstner
https://pubs.rsc.org/en/results?searchtext=Author%3ATom%C3%A1%C5%A1%20Kuba%C5%99
https://doi.org/10.1039/C8CP01325J
https://www.sciencedirect.com/science/article/abs/pii/S0014305719322037#!
https://www.sciencedirect.com/science/article/abs/pii/S0014305719322037#!
https://www.sciencedirect.com/science/article/abs/pii/S0014305719322037#!
https://www.sciencedirect.com/science/article/abs/pii/S0014305719322037#!
https://www.sciencedirect.com/science/article/abs/pii/S0014305719322037#!
https://www.sciencedirect.com/science/article/abs/pii/S0014305719322037#!
https://www.sciencedirect.com/science/article/abs/pii/S0014305719322037#!
https://www.sciencedirect.com/science/journal/00143057
https://www.sciencedirect.com/science/journal/00143057/123/supp/C
https://doi.org/10.1016/j.eurpolymj.2019.109452
https://doi.org/10.1021/acs.analchem.9b05207
https://doi.org/10.1021/ma102834s
https://doi.org/10.1021/ma400565k
https://doi.org/10.1021/ma062897b
https://doi.org/10.1021/ma60070a002
https://pubs-acs-org.sabidi.urv.cat/action/doSearch?field1=Contrib&text1=Olga++Dmitrenko
https://pubs-acs-org.sabidi.urv.cat/action/doSearch?field1=Contrib&text1=Colin++Thorpe
https://pubs-acs-org.sabidi.urv.cat/action/doSearch?field1=Contrib&text1=Robert+D.++Bach
https://doi-org/10.1021/jo071271w

[57] B. Gyarmati, A. Némethy, A. Szilagyi, Reversible disulphide formation in polymer
networks: A versatile functional group from synthesis to applications, Eur. Polym. J.
49(6) (2013) 1268-1286.

https://doi.org/10.1016/j.eurpolym;.2013.03.001

[58] S. Tougharai, V. Malinova, R. Masciardi, S. Menon, P. Tanner, C. Palivan, N Bruns,
W. Meier, Reduction-sensitive amphiphilic triblock copolymers self-assemble into
stimuliu-responsive micelles from drug delivery, Macromol. Biosci. 15 (2015) 481-489.
https://doi.org/10.1002/mabi.21400400

[59] S. Zhang, C. Qi, C. Wang, Decomposition of 2-Mercaptoethyl O-Ester: Sn2
Displacement or Acyl Transfer? A Theoretical Study, Chin. J. Chem. 32 (4) (2014) 335-
342.

https://doi-org/10.1002/cjoc.201300874

[60] A. M. Jazani, J. K. Oh, Development and disassembly of single and multiple acid-
cleavable block copolymer nanoassemblies for drug delivery, Polym. Chem. 11 (2020) 2934-
2954.

https://doi-org/10.1039/DOPY00234H

[61] B. Liu, S. Thayumanavan, Substituent Effects on the pH Sensitivity of Acetals and
Ketals and Their Correlation with Encapsulation Stability in Polymeric Nanogels, J. Am.
Chem. Soc. 139 (6) (2017) 2306—-2317.

https://doi.org/10.1021/jacs.6b11181

[62] K. Dan,S. Ghosh One-Pot Synthesis of an Acid-Labile Amphiphilic Triblock
Copolymer and its pH-Responsive Vesicular Assembly. Angew. Chem. Int. Ed. 52 (2013)
7300-7305.

https://doi.org/10.1002/anie.201302722

[63] P. Pramanik, D. Halder, S. S. Jana, S. Ghosh, pH-Triggered Sustained Drug Delivery
from a Polymer Micelle having the B-Thiopropionate Linkage, Macromol. Rapid
Commun. 37(18)(2016) 1499-506.

https://doi.org/ 10.1002/marc.201600260

[64] W-X. Wu, Lipase-catalyzed synthesis of aliphatic poly(8-thioether ester) with
various methylene group contents: thermal properties, crystallization and degradation,
Polym. Int. 68 (2019) 1848-1855.
https://doi.org/10.1002/pi.5894

[65] A. A.Wréblewska, S. Lingier, J. Noordijk, F.E.Du Prez, S.M.A. De Wildeman, K.
V.Bernaerts. Polyamides based on a partially bio-based spirodiamine. Eur. Polym. J. 96
(2017) 221-231.

https://doi.org/10.1016/j.eurpolym;.2017.08.056

[66] A. Herbinski, E. Métay, E. Da Silva, E. lllous, J-M. Aubry, M. Lemaire, An eco-
compatible pathway to new hydrotropes from tetraols, Green Chem. 20 (2018) 1250-1261.

vV


https://www.sciencedirect.com/science/article/pii/S0014305713001171#!
https://www.sciencedirect.com/science/article/pii/S0014305713001171#!
https://www.sciencedirect.com/science/article/pii/S0014305713001171#!
https://doi.org/10.1016/j.eurpolymj.2013.03.001
https://doi.org/10.1002/mabi.214004001
https://onlinelibrary-wiley-com.sabidi.urv.cat/action/doSearch?ContribAuthorStored=Zhang%2C+Shenshen
https://onlinelibrary-wiley-com.sabidi.urv.cat/action/doSearch?ContribAuthorStored=Qi%2C+Chenze
https://onlinelibrary-wiley-com.sabidi.urv.cat/action/doSearch?ContribAuthorStored=Wang%2C+Chen
https://doi-org/10.1002/cjoc.201300874
https://pubs-rsc-org.sabidi.urv.cat/en/results?searchtext=Author%3AArman%20Moini%20Jazani
https://pubs-rsc-org.sabidi.urv.cat/en/results?searchtext=Author%3AJung%20Kwon%20Oh
https://doi-org/10.1039/D0PY00234H
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Bin++Liu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=S.++Thayumanavan
https://doi.org/10.1021/jacs.6b11181
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Dan%2C+Krishna
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Ghosh%2C+Suhrit
https://doi.org/10.1002/anie.201302722
https://pubmed.ncbi.nlm.nih.gov/?term=Pramanik+P&cauthor_id=27448089
https://pubmed.ncbi.nlm.nih.gov/?term=Halder+D&cauthor_id=27448089
https://pubmed.ncbi.nlm.nih.gov/?term=Jana+SS&cauthor_id=27448089
https://pubmed.ncbi.nlm.nih.gov/?term=Ghosh+S&cauthor_id=27448089
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Wu%2C+Wan-Xia
https://doi.org/10.1002/pi.5894
https://www.sciencedirect.com/science/article/pii/S001430571731220X#!
https://www.sciencedirect.com/science/article/pii/S001430571731220X#!
https://www.sciencedirect.com/science/article/pii/S001430571731220X#!
https://www.sciencedirect.com/science/article/pii/S001430571731220X#!
https://www.sciencedirect.com/science/article/pii/S001430571731220X#!
https://www.sciencedirect.com/science/article/pii/S001430571731220X#!
https://www.sciencedirect.com/science/article/pii/S001430571731220X#!
https://www.sciencedirect.com/science/journal/00143057
https://www.sciencedirect.com/science/journal/00143057/96/supp/C
https://doi.org/10.1016/j.eurpolymj.2017.08.056
https://pubs.rsc.org/en/results?searchtext=Author%3AAur%C3%A9lien%20Herbinski
https://pubs.rsc.org/en/results?searchtext=Author%3AEstelle%20M%C3%A9tay
https://pubs.rsc.org/en/results?searchtext=Author%3AEric%20Da%20Silva
https://pubs.rsc.org/en/results?searchtext=Author%3AEstelle%20Illous
https://pubs.rsc.org/en/results?searchtext=Author%3AJean-Marie%20Aubry
https://pubs.rsc.org/en/results?searchtext=Author%3AMarc%20Lemaire

https://doi.org/10.1039/C7GC02990)

[67] T.E. Burghardt, Developments in the deprotection of thioacetals, J. Sulphur Chem.
26 (4-5) (2005) 411-427.
https://doi.org/10.1080/17415990500195198

[68] S. Das, R. Borah, R.R. Devi, A. J. Thakur, Molecular lodine in Protection and
Deprotection Chemistry, Synlett. 18 (2008) 2741-2762.
https://doi.org/10.1055/s-0028-1083503

[69] J.B. Chattopadhyaya, A.V.Rama Rao, Tetrahedron Lett. (1973) 3735-6.
https://doi.org/10.1016/s0040-4039(01)87020-9

[70] B. Liu, S. Thayumanavan, Mechanistic Investigation on Oxidative Degradation of
ROS-Responsive Thioacetal/Thioketal Moieties and Their Implications, Cell Reports
Physical Science 1 (12) (2020) 100271.

https://doi.org/10.1016/j.xcrp.2020.100271

[71] M. Krumb, L. M. Kammer, R. Forster, C. Grundke, T. Opatz, Visible-Light-Induced
Cleavage of C-S Bonds in Thioacetals and Thioketals with lodine as a Photocatalyst,
ChemPhotoChem 4 (2020) 101-104.

https://doi.org/10.1002/cptc.201900231

[72] G.Q. Lin, W.J. Yi, Q. Liu, X.J. Yang, Z.G. Zhao, Aromatic Thioacetal-Bridged ROS-
Responsive Nanoparticles as Novel Gene Delivery Vehicles, Molecules 23(8) (2018) 2061.
https://doi.org/10.3390/molecules23082061

[73] C. Wang, B. Huang, G. Yang, Y. Ouyang, J. Tian, W. Zhang, NIR-Triggered
Multifunctional and Degradable Nanoplatform Based on an ROS-Sensitive Block
Copolymer for Imaging-Guided Chemo-Phototherapy, Biomacromolecules 20 (11)
(2019) 4218-4229.

https://doi.org/10.1021/acs.biomac.9b01123

[74] W.A. McHale, A. G. Kutateladze, An Efficient Photo-SET-Induced Cleavage of
Dithiane-Carbonyl Adducts and Its Relevance to the Development of Photoremovable
Protecting Groups for Ketones and Aldehydes, J. Org. Chem. 63 (26) (1998) 9924-9931.
https://doi.org/10.1021/j0981697y

[75] G. Oksdath-Mansilla, V. Hajj, D.M. Andrada, J.E. Arglello, J. Bonin, M. Robert, A.B.
Pefiéfiory, Photoremoval of protecting groups: mechanistic aspects of 1,3-dithiane
conversion to a carbonyl group, J. Org. Chem. 80(5) (2015) 2733-9.
https://doi.org/0.1021/jo502953t

[76] N.M. McNeil, C. McDonnell, M. Hambrook, T.G. Back, Oxidation of disulfides to
thiolsulfinates with hydrogen peroxide and a cyclic seleninate ester catalyst, Molecules
20(6) (2015)10748-62.

https://doi.org/10.3390/molecules200610748.

31


https://doi.org/10.1039/C7GC02990J
https://doi.org/10.1080/17415990500195198
https://www.x-mol.com/paperRedirect/4220721
https://www.x-mol.com/paper/journal/43
https://www.sciencedirect.com/science/article/pii/S2666386420302939#!
https://www.sciencedirect.com/science/article/pii/S2666386420302939#!
https://www.sciencedirect.com/science/journal/26663864/1/12
https://doi.org/10.1016/j.xcrp.2020.100271
https://chemistry-europe.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Krumb%2C+Matthias
https://chemistry-europe.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Kammer%2C+Lisa+Marie
https://chemistry-europe.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Forster%2C+Robert
https://chemistry-europe.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Grundke%2C+Caroline
https://chemistry-europe.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Opatz%2C+Till
https://doi.org/10.1002/cptc.201900231

[77] S. Lacombe, H. Cardy, M. Simon, A. Khoukh, J. Ph. Soumillion, M. Ayadim, Oxidation
of sulfides and disulfides under electron transfer or singlet oxygen photosensitization using
soluble or grafted sensitizers, Photochem. Photobiol. Sci. 1 (2002) 347-354.
https://doi.org/10.1039/B202383K

[78] M. H. Habibi, S. Tangestaninejad, I. Mohammadpoor-Baltork, M. Montazerozohori,
Photochemical oxidative deprotection of 1,3-dithianes to carbonyl compounds with
hydrogen peroxide, Phosphorus Sulfur Silicon Relat. Elem. 179(3) (2004) 597-600.
https://doi.org/10.1080/10426500490422263

[79] ). B. Delehanty, S. Das, E. Goldberg, A. Sangtani, D. A. Knight, Synthesis of a Reactive
Oxygen Species-Responsive Doxorubicin Derivative, Molecules 23(7) (2018) 1809.
https://doi.org/10.3390/molecules23071809

32


https://pubs.rsc.org/en/results?searchtext=Author%3AS.%20Lacombe
https://pubs.rsc.org/en/results?searchtext=Author%3AH.%20Cardy
https://pubs.rsc.org/en/results?searchtext=Author%3AM.%20Simon
https://pubs.rsc.org/en/results?searchtext=Author%3AA.%20Khoukh
https://pubs.rsc.org/en/results?searchtext=Author%3AJ.%20Ph.%20Soumillion
https://pubs.rsc.org/en/results?searchtext=Author%3AM.%20Ayadim
https://doi.org/10.1039/B202383K
https://doi.org/10.1080/10426500490422263
https://www.ncbi.nlm.nih.gov/pubmed/?term=Delehanty%20JB%5BAuthor%5D&cauthor=true&cauthor_uid=30037071
https://www.ncbi.nlm.nih.gov/pubmed/?term=Das%20S%5BAuthor%5D&cauthor=true&cauthor_uid=30037071
https://www.ncbi.nlm.nih.gov/pubmed/?term=Goldberg%20E%5BAuthor%5D&cauthor=true&cauthor_uid=30037071
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sangtani%20A%5BAuthor%5D&cauthor=true&cauthor_uid=30037071
https://www.ncbi.nlm.nih.gov/pubmed/?term=Knight%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=30037071
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6100310/
https://dx.doi.org/10.3390%2Fmolecules23071809

