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Abstract

Bio-based building blocks and sustainable synthgatbways were used to synthesise star-
shaped polymers composed oDesorbitol core and polycaprolactone arms by ringropg
polymerisation (ROP). The use of volatile organsdvents was avoided and less energy
intense reaction conditions were achieved by perifog the ROP in the bulk or in a green
solvent, supercritical CO(scCQ). Two catalysts were tested: conventional tin@h
ethylhexanoate (Sn(Og})which is a Food and Drug Administration (FDA) apped metal
catalyst and an enzyme, Novozym 435 (Lipase B f@andida Antarcticammobilised on a
solid support). The influence of the reaction mediand of the nature of the catalyst on the
molecular weight, the dispersity and the architextf the PCL stars was investigated. The
star polymers were characterised ¥ and **P nuclear magnetic resonancél (and 3'P
NMR) spectroscopy, size exclusion chromatographwulti-angle light scattering (SEC-
MALS) and matrix-assisted laser desorption andsatmon-time of flight (MALDI-TOF)
mass spectrometry. The use of sg@Dabled the reduction of the reaction temperatéire
Sn(Oct) catalysed stabD-sorbitol-polycaprolactone polymerisations from 14095 °C. In
addition, star polymers were successfully syntleesisy enzyme catalysis in the bulk or in
scCQ at 60 °C; lower temperatures that could providgnificant energy savings on a
commercial scale. The catalyst was shown to hgwerounced influence on the architecture
of the PCL stars. Regular star polymers were obthin the presence of Sn(Qctyhereas
Novozym 435 gave access to miktoarm-type star H&ally, the influence of the number
and length of the arms on the thermal propertiethefstar polymers was investigated by

differential scanning calorimetry (DSC).



1. Introduction

The accumulation of non-biodegradable plastics anmthehas resulted in an increasing need
for biodegradable polymers, ideally produced byegreechnologies. In addition, the
simultaneously occurring depletion of fossil resms has promoted the utilisation of
naturally occurring building blocks.At the same time, there has been a tremendous
development in the synthesis of complex macromddecarchitectures in order to design
polymers tailored to specific functions and apglaras. In particular, star polymers have
attracted attention, because of their unique rlgpcdd properties, lower hydrodynamic
volume than their linear analogues, and their vietgresting thermal, topological, and
biological properties that are inaccessible fromirtinear counterparts®** Star polymers
have at least three arms of often similar lengthised on a central core and based on the
nature and uniformity of their arms, they are dfss$ into regular or miktoarm typés. The
special properties of such star-like structuresltdsom the higher number of functional end
groups and their highly branched nature, which esudor example, a lower intrinsic
viscosity, by reducing the amount of chain entamglets compared to linear polymers of
similar molecular weight, and can lead to a reduceelting point>*"® A prominent
example of star polymers for commercial applicatiame Lubrizol's Asteri¢” viscosity
modifiers. In this case, star poly(alkyl methactgty with 9-13 arms are used as additives for
lubricants to decrease viscosity at lower tempeeatwhile at the same time ensuring a
higher viscosity index, i.e. reducing the variatinrviscosity with changing temperattfre.

Star polymers can be synthesised by an arm figgtoagh, in which arms are synthesised and
then attached to the core, or by a core first aggroln the core first approach, the arms are
polymerised from multifunctional initiators usinipr example, ring opening polymerisation

(ROP). Poly¢-caprolactone) (PCL) is a particularly interestipglymer obtained by ROP



since it is inexpensive, biocompatible and posseaseontrolled degradability. In the future,
the monomer e-caprolactone &CL) could potentially be sourced from renewable
resourceS:***!For instances-CL could be obtained from lignocellulosic biomatesived 5-

hydroxymethylfurfuraf®*® Additionally, e-CL is an intermediate in the oxidation of
cyclohexanol to adipic acid by aficinetobacter spstrain SE19 enzyme, resulting in a

potential for biotechnological sourcing efCL.** Typically, star PCL are synthesised from

é7,18,19 il’5,16,18,19

polyhydroxy alcohols (such as glycetdf:® trimethylolpropan pentaerythrito
di-trimethylolpropané, D-sorbitol?° dipentaerythritol,” and maltitol’) as initiators, which
constitute the core of the stars. Multifunctionallymeric macroinitiators such as star
poly(ethylene glycof or hyperbranched polymers such as poly(2-hydrdwyet
methacrylatef have also been employed to form star block copetgrwith PCL. Sorbitol is
of particular interest as a core for star PCL, siitgs an inexpensive, highly valuable polyol
commercially derived from renewable feedstocks sashcorn-starch, cellulose, cassava,
wheat, eté>#

Tin(ll) 2-ethylhexanoate (Sn(Oe})is commonly used as a catafj$Pfor the ROP of-CL.
Although Sn(Octis a well-known Food and Drug Administration (FDApproved metal
catalyst, there are increasing concerns regardiagptesence of toxic metal catalysts in the
final products. This is of particular importancer fpolymers in skin care or cosmetic
products. In previous work, we have shown thatastion using supercritical GQscCQ)
can be used to reduce the amount of catalyst resitypolymer product® However, an
alternative may be to avoid the use of a toxic hettalyst and shift to more environmentally
friendly alternatives such as enzynié& Lipase is the most important class of biocatdiyst
ROP because of its abundance in nature, high spgifregio- and enantioselectivity and
low environmental impact. Uppenberg and co-workers discovered in 1994 thig t

selectivity was due to the ‘open’ conformation loé tcatalytic triad Ser-His-Asp in the active
4



site of CaLB, which restricts the accessibilitythe active site for certain substratésn
particular, Novozym 435 (Lipase B frofGandida Antarctica(CaLB) immobilised on a
macroporous acrylic resin) has shown extraordimeagtivity towards a wide range of cyclic
monomers, high catalytic activity, good solventisesice and has been broadly studied as a
biocatalyst for polyester synthe$fs.

Enzymatic ROP (eROP) @fCL by Novozym 435 has been studied extensivelthenbulk
and in various organic solvents to give linear P& However, an obstacle in enzyme
catalysis is the instability of the catalysts. &tmperatures higher than 100 °C, which is
typically employed in ROP of-CL in the bulk, denaturation of the protein struetoccurs?
The optimum temperature for CalLB catalysis for ematic polyesters synthesis is thus
between 60 and 70 *€3Another challenge is the sensitivity of enzymesamlg certain
solvents, such as polar solvents, which interfeith the hydrogen bonding in the protein
structure, thereby affecting the catalytic activdfithe enzymé&® For example, Novozym 435
displays relatively high selectivity towards primalcohols compared to secondary alcohols.
However, the presence of polar solvent affectsstiectivity of Novozym 435. For instance,
Xue et al. achieved three-arm star PCL polymers using gly@sdhe initiator in presence of
1,4-dioxane at 70 °C confirming initiation from ecsndary hydroxy grouff. Other factors
such as catalyst loading and the immobilisatiorcgss on the support can also influence the
catalytic activity and regioselectivity:***° Regarding the enantioselectivity of Novozym
435, Gross and co-workers have investigated thapacation of alditols, such &-sorbitol,
D-galactitol, andD-mannitol into copolyesters with adipic acid andB-tctanediol by
polycondensation and observed the highest molewdaghts as well as the highest degree of
branching for the polyesters witb-mannitol as the copolymer, indicating a prefereate

Novozym 435 towards all R-configuration of this il Accordingly, incorporation ob-



sorbitol (SRRR) gave higher molecular weights anugher degree of branching than the
incorporation oD-galacitol*

A potential alternative to the volatile organic \&mits or reactions in the bulk at high
temperatures is the use of non-toxic supercrif@@} (scCQ).** The gas-like diffusivity of
scCQ into polymer matrices provides a unique opporturtid liquefy polymers at
temperatures below their glass transition tempegafy) and melting point¥y). This not
only lowers the viscosity of the reaction mediunardatically but also allows for a more
sustainable low-temperature processing of polymao#) factors lead to significant process
energy saving$>** ScCQ is a well-established and versatile solvent folymerisation?*

polymer modificatiort,>*’

polymer blending? purification®® and extractiof®> and has been
successfully employed as a foaming ad&rand for polymer particle formatioi*® The
liquefying ability of scCQ has previously been exploited for the synthesisa ahnge of
polymeric materials with controlled molecular wetigland narrow dispersities using enzyme
catalyst at near ambient temperature, which engheestability of the biocatalysts>!*>>2
For example, scCQvas previously employed as a solvent for the syshaf linear PCL by
ROP ofe-CL using Sn(Oct)or Novozym 435 as a catalyst®°3>*

In this work, we studied several polyols, includibg-hexanediol, glycerol, pentaerythritol
and triglycerol, as initiators for the synthesis sfar polyol-PCL by ring opening
polymerisation. Eventually, we investigated thethgsis of complex star PCL architectures
using a renewable polyol cord&-sorbitol, as the initiator, aiming at establishiag
environmentally benign process to make biodegradaér D-sorbitol-PCL under mild
conditions. A mild synthetic procedure is of pautar importance when using temperature
sensitive polyols such d3-sorbitol as the initiator since it is well known tlehydrate into

isosorbide at elevated temperatutedhus, we first investigated the use of seC@3 a

solvent for the Sn(Ogf)catalysed star PCL synthesis at low temperati@8s°C), taking
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advantage of the plasticisation effects of sgCIhe results were compared to the synthesis
in the bulk at 140 °C. Moreover, we reported on giethesis of star PCL with @-sorbitol
core using Novozym 435 as the catalyst for the ROStcCQ and in the bulk. Finally, we
compared the architecture of the PCL stars syrgbdswith both catalysts. We also
investigated the effect of the number and the b&itength of the arms of the star PCL on

the thermal properties of the polymers.

2. Experimental

2.1. Materials

e-CaprolactonegCL, 97%),D-sorbitol (>98%), pentaerythritol (97%), glycer®9o), 1,6-
hexanediol (97%), triglycerol (60%), tin (ll) 2-gthexanoate (Sn(Oc¢t)98%) and 2-chloro-
4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (95%)T{@DP) were purchased from Sigma
Aldrich (UK). e-CL was dried over Catfor 48 h followed by vacuum distillation and stdre
under an inert atmosphere. 1,6-Hexanediol, glyc@amtaerythritolD-sorbitol and Sn(Ocf)
were stored in a desiccator and dried under vacatu?® °C overnight before use. Novozym
435 (10 wit% ofCandida antarctica(CaLB) immobilised on cross-linked acrylic resin;
enzyme activity is 5000 units/mg of protein) wasdty donated by Novozymes (Denmark),
stored at 4 °C, dried overnight under vacuum (2b&i@ degassed for 30 min before use. All
the solvents were of analytical grade or HPLC-granle used as received. Supercritical Fluid
Chromatography (SFC) grade carbon dioxide (mininpumty 99.9 %) was purchased from

BOC gases (UK) and used as received.



2.2. Solvent-free synthesis of star polycaprolactone from D-sorbitol using Sn(Oct), as
the catalyst

The glassware was flamed dried before ageaprolactone (5.15 g, 45.12 mmdDssorbitol
(156 mg, 0.86 mmol) and 10 mol% of Sn(Qa34 mg, 0.09 mmol) with respect ©-
sorbitol were added to a 25 mL round-bottom flagkiipped with a magnetic stirrer at
300 rpm. The reagents were degassed with argodomin and subsequently heated to
95 °C for 7 days or to 140 °C for 10 h, respeciivdlhe conversion was monitored Hy
NMR by taking aliquots until 95-99% monomer conwemswas reached. The resulting
polymer was dissolved in THF, precipitated in cathanol and dried under vacuum
(gravimetricyield: 96-97%).

SEC-MALS (THF):M, 5“MAS = 5600 g mot, ® = 1.03

2.3. Solvent-free synthesis of star polycaprolactone from D-sorbitol using Novozym 435
asthe catalyst

The glassware was flame dried before wséL (5.15 g, 45.12 mmol) was added into a three
neck round bottom flask equipped with a mechanstater, under inert conditions and
heated in an oil-bath at 110 °D-Sorbitol (156 mg, 0.858 mmol) was then introduceder
mechanical agitation at 300 rpm. Although the rneactixture was initially biphasic, a
homogeneous melt dd-sorbitol ande-CL was observed within 30 min. Subsequently, the
temperature was reduced to 60 °C and Novozym 4389€154 mg, 3 wt% or 515 mg,
10 wt% with respect te-CL) were introduced. The reaction was continuedlf® h (3 wt%
Novozym 435, 85-87% conversion) or for 7 h (10 wtBdvozym 435, 89-91% conversion).
After polymerisation, the reaction mixture was dised in THF and the enzyme beads were
separated by filtration. Subsequently, the excéssolvent was evaporated, and the crude

polymer was purified by precipitation into cold atiol from THF and dried under vacuum.



For both reactions using either 3 wt% or 10 wt% dym 435, thegravimetricyield after
recycling enzyme was 62-65%.

SEC-MALS (THF):M,,>5“MA5(3 wit% Novozym 435F 5650 g mot, = 1.34

SEC-MALS (THF):M, 5¢MA5(10 wt% Novozym 435) = 7800 g mblp = 1.36

2.4. Synthesis of star polycaprolactone from D-sorbitol using Sn(Oct), as the catalyst in
supercritical CO,

The stainless steel high-pressure autoclave reg2fomL) used for the synthesis in scCO
has been described previoudly.

StarD-sorbitol-PCL was synthesised in sc£@ing Sn(Oct) as catalyst following the same
procedure as given above for the synthesis in thke lbut at 95 °C.D-sorbitol (93.8 mg,
0.52 mmol) and 10 mol% of Sn(Ogtjelative toD-sorbitol (20.8 mg, 0.05 mmol) were
loaded into the base of the autoclave and degagsiedCO, at 3 bar to ensure removal of air.
e-CL (3 ml, 27.07 mmol) was then added. The reagtas pressurised to 70 bar and
gradually heated to 95 °C (10 °C/min). Subsequetily pressure was increased to 240 bar
by the addition of C@and the reaction was allowed to stabilise at 95aA@ 240 bar for
10 min. Only after the desired reaction conditi@ (C and 240 bar) was attained, the
reaction mixture was agitated using a mechanidalestat 300 rpm for 2.5 days. The
gravimetric yield after polymerisation was 95-96 (polymer precipitated in cold ethanol
from THF solution and dried under vacuum).

SEC-MALS (THF):M,5MAS= 6100 g mof, b = 1.11

2.5. Synthesis of star polycaprolactone from D-sorbitol using Novozym 435 as the
catalyst in supercritical CO,

Before the reaction, the autoclave was dried bytilgao 95 °C for 1 h, to avoid any

contamination by watebD-sorbitol (156.3 mg, 0.858 mmol), and Novozym 435w{% or 10



wt% relative to monomer) were transferred to thsebaf the autoclave and degassed with
CO, for 15 min at 3 bar pressure-CL (5.15 g, 45.1 mmol) was then injected into the
autoclave. The autoclave was pressurised with ©T0 bar and heated to 40 °C. The,CO
was added to the autoclave up to 50 bar and thpeterture was set to 60 °C. Subsequently,
the pressure was raised up to 217 bar. After obigithe desired reaction conditions (60 °C,
217 bar), the reaction was mechanically agitategDatrpm for 24 h (3 wt% Novozym 435)
or for 7 h (10 wt% Novozym 435) to reach 96-99% omer conversion. The reaction was
stopped by cooling to ambient temperature, turmfighe stirring, and venting the autoclave
(at T<20 °C, P = 55-82 bar). The crude polymer diasolved in THF and the enzyme beads
were separated from the polymer by filtration. Tg@ymer was then precipitated in cold
ethanol from THF and dried under vacuum. The gratiimyield after recycling enzyme was
75-79%, regardless of the catalyst loading.

SEC-MALS (THF):M>5“MA5 (3 wit% Novozym 435) = 8800 g mblp = 1.24

SEC-MALS (THF):M,;>5“MA5(10 wt% Novozym 435) = 10100 g miolp = 1.23
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3. Results and discussion

Ring-opening polymerisation (ROP) otaprolactonestCL) was carried out in the presence
of D-sorbitol as the initiator and using two differexatalytic systemsScheme 1): a metal-
based catalyst (Sn(Ogt)and an enzymatic catalyst (Novozym 435). Theugrice of both
catalysts on the architecture of sBusorbitol-PCL synthesised in the bulk or in sgGas

investigated, thereby avoiding organic solventthageaction medium.

o n/e
A 0B O\'H
o Jne n/6
S
T \\\4
X
4002
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" 5 H
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OH OH ©
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n = total e-CL units

Scheme 1. ROP ofe-caprolactone fronb-sorbitol to afford a stad-sorbitol-PCL using (A) a
conventional metal catalyst (Sn(Qgt)and (B) an enzyme (Novozym 435) in the bulk or

using scCQ.

3.1. Synthesis of star D-sorbitol-PCL via Sn(Oct), catalysed ROP in the bulk and in
scCO:

Before investigating the star PCL polymers initiatey D-sorbitol, less complex polymer
architectures were synthesised from simpler almlch as 1,6-hexanediol, glycerol,
pentaerythritol and triglycerol in the bulk (Schei®#). These syntheses provided the first

overview of suitable polymerisation conditions ansights on how the structure of alcohol
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in combination with Sn(Ocf)as a catalyst and the temperature might influeheerate of
polymerisation (ESI Table S1).

First linear 1,6-hexanediol was used as an initido the synthesis of PCL with a targeted
molecular weight of 1000 g miblat 95 °C. Full conversion was observed within (Table
S1, Entry 1). However, when the amount of initiat@s lowered to target a higher molecular
weight of 6000 g mél the monomer consumption slowed down after 84% exmion, after
6.5 h (Table S1, Entry 2). At first, this phenomeneas attributed to lower mass transfer due
to lower mobility of chains at higher viscosity. fise temperature was increased to 140 °C
higher monomer conversions of 97-99% were obserggdrdless of the initiator (Table S1,
Entry 2vs Entries 3-7). Nevertheless, the polymerisatide successively slowed down as
the number of hydroxy groups on the initiator irased and the reaction time required to
reach >98% conversion increased (Table S1, Erri8s This indicates that, despite the high
temperature, for polymerisation at 140 °C, the chaf initiator also influences the kinetics
of Sn(Oct) as a catalyst. To investigate how the temperatme the amount of catalyst
affect the polymerisation of-CL when usingD-sorbitol, polymerisations in the bulk were
conducted at two temperatures of 95 and 140 °C.

For starD-sorbitol-PCL polymerisation with Sn(Ogtat 95 and 140 °C the evolution of
In([M] o/[M] ) with time is linear (Figure 1), indicating thate of polymerisation is first order
with respect to the monomer. When conducting tHgnperisations at 95 °C in the bulk, an
induction period of approximately 65-70 h is obselv but this is common at lower
temperatures. For example, Stost\yal observed an induction period of 40 h at 80 °¢han
ROP ofe-CL using ethylene glycol as the initiafSrSlow heat transfer and the choice of
initiator are factors that contribute to inductioeriods for Sn(Ocg)catalysed ROP afCL.>’

By contrast, as the temperature is increased to°CAthe rate of monomer consumption

increases dramatically and In([M[M]:) increases linearly with time (Figure 1). A short
12



induction period of up to 1-1.5 h was also obseretl40 °C, which can be attributed to the

coordination-insertion of the Sn(OgtpP-sorbitol complex withe-CL.

140 °C Bulk 95 °C SCCO2 95 °C Bulk
4y=1.0027x-7.718

,' Adj. RZ = 0.9697 @
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[}
|

a

= A "
= 2 ,' y =0.0862 x - 1.9137
= I Adj. R? = 0.9527
=114
4 4 .
4 .
| & ¥ y=0.0539 x - 4.8304
A o Adj. R2 = 0.9948
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Time (hours)
Figure 1. A plot of In([M]o/[M]) vs.polymerisation time for the synthesis of dbasorbitol-

PCL in the bulk at 95 and 140 °C and in s¢@D95 °C.

A monomer conversion of 97-98% was achieved wittitb h at 140 °C whereas the same
conversion was only obtained after 150 h at 95T&ble 1, Entry s Entry 3) (Figure 1).
Furthermore, at a lower temperature (95 °C) a msgively faster rate of monomer
consumption was witnessed as the concentratiom@@&), catalyst was raised 5 fold from
10 mol% (Table 1, Entry 1) to 50 mol% (Table 1, ign2). Although Sn(Oct)is FDA
approved, it is clear that producing polyestersomteminated with possible toxic metallic
residues would be desirable for biomedical apgbecat®>* In addition, it is also difficult to
completely remove the metal catalyst from the pobdeven after several precipitations.
Thus, increasing the catalyst content is highlyasi@ble.

The use of scCO(95 °C, 240 bar) considerably reduced the indacperiod of the ROP
compared to the bulk polymerisation from 70 h twsléhan 15 h (Figure 1). This induction

period was followed by a linear trend for the evioin of In([M]o/[M]:) during the
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propagation stage. Additionally, the use of sgGlso enhanced the propagation rate in

comparison to the bulk reaction (Table 1, Entrynd Entry 2vs. Entry 4) (Figure 1).

Table 1. Synthesis of staD-sorbitol-PCL by ROP in the bulk and in sc&€i@ the presence

of Sn(Oct).
SEC- SEC
IH NMR SEC-MALS MALS/
- ¢ H NMR
a
Entry Solv. [C] ©C) (h) Comb DP, MnH-NMRb MnSEC-MALS \L_SEC S(L(;I%e
%) o (@m) o (starpolymery D wal¥Rurd
(arm) (g mof}) (g molY)
Entry 1 01 95 150 97 11.3 1290 5900 1.12 45 0.35
Entry 2 Bulk 05 95 20 99 11.0 1250 5500 1.38 4.4 0.35
Entry 3 0.1 140 105 97 9.7 1100 5600 1.03 5.1 70.2
Entry4 scCQ 0.1 95 56 96 110 1250 6100 1.11 4.9 0.39

M: Monomer €-CL), I: Initiator (D-sorbitol) and C: Catalyst (Sn(Ost) ® [M]:[I]:[C] = 52.6:1:[C] based on
Ma@9= [M]:[l] X M,.c. at 100 % monomer conversien6000 g mol; ® Determined byH NMR. ¢ Degree of
polymerisation and average molecular weight of aiotiewing Eq. S1 and S2, respectiveiolecular weight
and dispersity ) determined by SEC-MALS' Average number of arms estimated by SEC-MALS &td
NMR following Eq. S4°Mark-Houwink slope ¢) determined by SEC following Eq. S5.

The monomere-CL is solubilised by scCO(95 °C, 240 bar) and the resulting mixture

12 Thus, the coordination-complexation between thecttalyst and

plasticisesD-sorbito
alkoxides ofD-sorbitol ande-CL can take place faster in sce@an in the bulk thereby
reducing the induction period (Figure 1). The readurcof the induction period and the higher
rate of propagation in scG@s compared to the bulk at 95 °C can be attribistede unique
‘gas-like’ mass transfer properties of scC®

Regardless of the reaction temperature or indugienods, the molecular weight of the star
D-sorbitol-PCL increased linearly with monomer casien both in the bulk and in scGO
indicating a well-controlled polymerisation (Figugd — S2). The resulting stBrsorbitol-
PCL polymers were analysed by SEC-MALS (Figure<hg the dn/dc value of 0.072 mL g
140 The experimental molecular weightd £5“™A° (star polymer) = 5500 — 6100 g rit)l

of star D-sorbitol-PCL synthesised using Sn(Qcls the catalyst were in good agreement

14



with the targeted M, ™9 = 6000 g mot, Table 1). In addition, polymers with narrow
dispersities # = 1.03 - 1.12) were obtained in both the bulk an@Q (Table 1, Entry 1,

Entry 3 and Entry 4) which is in good agreementhwdata on ROP of PCL from the
literature>’*® An increase of dispersity)(= 1.38vs. 1.12) was observed for higher catalyst
loading at 95 °C in the bulk (Table 1, Entrw Entry 1) and this could be attributed to the
inter- and intramolecular transesterification reaw, that predominate when a higher

amount of Sn(Oct)catalyst is present in the reaction mixture.

1 140 °C Bulk
M,, SEC-MALS = 5600 g mol- 95 °C scCO,

$ 08 P=1.03 M, SECMALS = 6100 g mol*
5 b=1.11
o
2 06 -
@
o i
° 0,4
=
<
S 02 -
@

0 b —

0 112 12 13 14 15 16 17 18 19 20
Elution Time (min)

Figure 2. SEC-MALS traces overlay of st@b-sorbitol-PCL catalysed by Sn(Ogtin the

bulk (140 °C) and in scC{95 °C, 240 bar) (Table 1, Entrw3.4).

These data show that significantly lower tempeestugan be utilised using scg@lthough
this does increase the reaction time. Most impdstathis opens up the opportunity to use
temperature sensitive catalyst such as enzymeschwhan catalyse ROP at lower

temperatures than Sn(Ogt)
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3.2. Synthesis of star D-sorbitol-PCL via Novozym 435 catalysed ROP in the bulk and in
scCO»

Lipases exhibit higher catalytic activity at lowsmperature§' Hence, enzymatic ring-
opening polymerisations (eROP) ofCL initiated byD-sorbitol were conducted at 60 °C
with varying enzyme concentrations (3 wt% and 1@owelative to monomer, Table 2) to
investigate the influence of the enzyme loadingtba kinetics of the polymerisation,
molecular weight and architecture of the polym&isce Novozym 435 contains 10 wt% of
CalLB attached to a polymeric support, the actuagmeatio of CaLB tce-CL used for this
study was 0.3 and 1 wt% for 3 and 10 wt% Novozyrs, 48spectively. The analytical results
of the eROP polymerisation of PCL (Table 2) andkimetics of the eROP favl,, " = 6000

g mol ! in the bulk and in scCQOare summarised (Figure S3-S6). For the polyménisan
scCQ, all the reactants were introduced in the reacttessel before adding GOBy
contrast, for polymerisations in the bulk, it wasstf necessary to intimately mix tHe-
sorbitol (T, = 98- 99 °C) withe-CL at 110 °C before introducing the Novozym 435aat
lower temperature of 60 °C.

Interestingly, the eROP in the bulk at a Novozynd 43ading of 10 wt% at 60 °C reached
91% conversion within 7 h (Table 2, Entry 4) wheré¢he ROP in the bulk catalysed by
Sn(Oct) reached only a slightly higher conversion of 97%him 10.5 h at a significantly
higher temperature of 140 °C (Table 1, Entry 3)isTéffect is even more pronounced in
scCQ, where comparable results to the polymerisatiothebulk are obtained for enzyme
catalysis,i.e. a conversion of 96% after just 7 h at 60 °C (Tahl&ntry 4), whereas much
longer reaction times (56 h) and higher temperat(@® °C) are required with Sn(OcBs

the catalyst (Table 1, Entry 4).
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Table 2. Synthesis of stab-sorbitol-PCL by ROP in the presence of Novozym #8%he

bulk and in scC@?

SEC- SEC
H NMR SEC-MALS MALS/
Ent Sol N435° t 'H NMR)
ntry Olv. (Wt%) (h) Conv. DP, M, H-NMR C MnSEC-MALS armsSEC- Slope
(%) NMR ¢ (arm) (Stal’ pOlymeI’f I5) d MALS/NMR e ((1) e
(arm) (g mof?) (g mor?)

Entry 1 Bulk 3 18 87% 24 2700 5650 1.34 2.1 0.58
Entry 2 10 7 91% 29 3300 7800 1.36 2.4 0.58
Entry 3 scCQ 3 24 96% 28 3200 8800 1.24 2.7 0.57
Entry 4 10 7 96% 30 3400 10100 1.23 3.0 0.58

M: Monomer ¢-CL), [: Initiator (D-sorbitol). ® [M]:[I] = 52.6:1 based orM,?® = [M]:[I] x M.c. at 100 %
monomer conversior 6000 g mof. ® N 435 = Novozym 435 given in wt% with respect e tveight of the
monomer.® Determined by'H NMR. ¢ Degree of polymerisation and average moleculamgitedf arms
following Eqg. S1 and S2, respectiveyMolecular weight and polydispersity inde®)( determined by SEC-
MALS. ¢ Average number of arms estimated by SEC-MALS #hdNMR following Eq. S4.°Mark-Houwink
slope (1) determined by SEC following Eq. S5.

Decreasing the supported enzyme loading from 1®wa% in scCQresulted in a decrease
in molecular weight and increase in reaction timeeiach 96 % conversion (Table 2 Entry 4
vs Entry 3, Figure S4 and Figure S6). The same tieasl observed in the bulk (Table 2,
Entry 2vs Entry 1). However, for 3 wt% enzyme loading ire thulk, the monomer to
polymer conversion appeared to be incomplete (8Téhle 2, Entry 1) and plateaued
between 13-18 h (Figure S3). By contrast, the Gise@Q with 3 wt% enzyme resulted in a
higher molecular weightM, ™4 = 8800 g mof vs M, SE“MAS = 5650 g mot) and
slightly higher conversion (96 %, 24ve 87% 18 h) (Table 2, Entry\& Entry 1).

The absolute average molecular weight and dispedditthe star polymers obtained by

enzymatic catalysis were determined by SEC-MAL$(Fe 3).
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Figure 3. SEC-MALS traces overlay of st@r-sorbitol-PCL catalysed by Novozym 435 (10

wt%) in the bulk and scCat 60 °C (Table 2, Entry s Entry 4).

For the polymerisation performed using seG@Dd enzyme, the st@x-sorbitol-PCL resulted
in slightly lower dispersities#{ 1.23-1.24vs 1.34-1.36) and higher molecular weights
compared to reactions in the bulk (Table 2, Entd/\&. Entry 1-2). Usually, eROP @fCL

in the bulk results in a lower molecular weightyoer (typicallyM, = 3500-8500 g md)
with higher dispersity (typicallyp ~ 2)3®2Our data show very similar molecular weight but
we observed lower dispersitie® € 1.34-1.36) for staD-sorbitol-PCL made in the bulk. The
narrow dispersity and higher molecular weight aiediin scC@are in good agreement with
published reports on the synthesis of linear PCNbyozym 435 in scCO™*

After optimising the polymerisation conditions, tktar structures were characterised in detail
by NMR ¢H and*!P), SEC (MALS and Mark-Houwink plot), MALDI-TOF-M&nd DSC.
The notation starD-sorbitol[(PCL)OH], will be used in the following discussion; n
corresponds to the average amount of PCL repetd par arm ofD-sorbitol OP, (arms)

values given in Table 1 and Table 2) and m cornedpdo the average number of arms.
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3.3. Characterisation of star polymer architectures

The influence of the catalyst and the reaction mmedon the architecture of the star
sorbitol-PCLpolymers was studied Byl NMR spectroscopy (Figure 4). In principle, sbar
sorbitol-PCL can have up to 6 PCL arms emanatiogn fthe 6 hydroxy groups @-sorbitol.
The multiplets a6 1.64 ands 1.37 ppm correspond to the methylene protons efRGL
backbone (c' + ¢" and d'). The tripleb&.29 ppm corresponds to the methylene protons (a'
b") in a-position of the carbonyl group whereas the sigial 4.05 ppm corresponds to the
protons (e'). The methylene protons (f')oHposition to the hydroxy end-groups of the PCL
chains are visible & 3.63 ppm (Figure 4 (A) and (B)).

It is noteworthy that the signals correspondingototons of the esterified primary carbon
atoms appear betweén= 4.0 - 4.4 ppm and in the range®56.0 — 5.5 ppm for esterified
secondary carbon atoms. Spectrum A correspondiagtonple synthesized in the melt using
Sn(Oct) as the catalyst clearly shows the presence obpsadjacent to secondary esterified
hydroxy groups (5 — 5.5 ppm) whereas these resesance not visible in spectrum B
corresponding to a sample synthesised in 8YDenzyme catalysis, indicating a high degree
of functionalisation of secondary hydroxy groupsewhusing a metal catalyst, and a low
degree of functionalisation of secondary hydroxgups when using enzyme catalysis. The
resonances of pendant protons on the sorbitolreexeto residual hydroxy groups are shifted
to around 4 ppm and overlap with resonances franptilymer backbone. However, due to a
poor signal to noise ratio for the resonances efatotons of sorbitol which are located at the
core of the structure, quantification based onsthmbitol signals fromtH NMR is not-reliable

(see Insets Figure 4).
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Figure 4. 'H NMR spectra (CDG] 400 MHz) of (A) Sn(Oct) catalysed D-

sorbitol[(PCL) OH]n, in the bulk (Table 1, Entry 3) and (B) Novozym 48&talysedD-

sorbitol[(PCLY»sOH], in scCQ (Table 2, Entry 3). The inset shows the enlargegdats

corresponding to the sorbitol core.

The degree of polymerisatioBp, "M~

arm. Mn’H—NMR

(arm) and number average molecular weight of each

(arm), were calculated using equation (S1) and) (B2 a representative
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sample staD-sorbitol[(PCLp ~OH]n, (Table 1, Entry 3 and Figure 4(A)) are 9.7 and@.g0

H-NMR

mol?, respectively. In general, thd, (arm) of starD-sorbitol-PCL synthesised using

Sn(Oct) (1100-1290 g mal, Table 1) were lower than those obtained with Niywo 435
(2700-3400 g mal, Table 2).

Since SEC-MALS measurements give access to théudbsmmber average molecular mass

of starD-sorbitol-PCL M,>5“™AS (star polymer)), the average number of arfdgqf <

MALS/NMR H-NMR

) can be estimated by combining this informatiothwhe M, (arm) (asNarms

SEC-MALS/NMR _ M SEC-MALS H-NMR
- n

(star polymer¥, (arm)). Accordingly, the staD-sorbitol-

PCL polymers synthesised using Sn(@etxhibit Nams SECMASNMR = 5 1 in the bulk and
Nams STOMALSINMR =49 in scCQ (Table 1, Entry 3vs Entry 4). Interestingly,
polymerisations performed employing enzyme catalysisulted into a lower number of
arms, Nayms o MARSNMR = 5 4 and 3.0 (Table 2, Entry 2 and Entry 4) ie thulk and in
scCQ, respectively. A lower number of arms observechveaROP may be related to the
regioselectivity of Novozym 435 since the eROPiatgtd from primary alcohols may be
favoured in comparison to secondary alcofidf8.Whatever the enzyme loading, a slightly

SEC-MALS/NMR

higher Narms resulted for star PCL synthesised in seC&mpared to the

analogues made in the bulki(ms SEMASNMR = 9 1vs 2.7 and 2.4/s 3.0, respectively
(Table 2 Entry vs.Entry 3 and Entry 2s.Entry 4).

For polymerisations in the presence of Sn(Qd)l the star-PCL polymers exhibit narrow
molecular weight distribution€(= 1.03-1.12, Table 1) according to SEC-MALS aniglys
Such low dispersities suggest a uniform samplaasfRCL, where the number of arms is the
same. The length of the arms of one individual ptdymer may be the same or of different
length, but with a uniform architecture throughthé sample.

Higher dispersities are observed with Novozym 48%he catalysttf = 1.23-1.36, Table 2).

These higher dispersities could be caused by tstardfecation side reactions occurring
21



during eROP. Macrocycles formed by back-biting rGntolecular transesterification) or
linear PCL initiated by water (mainly originatingpin the enzyme) can also be present in
small amounts in the final star polymé?$> In addition, since Novozym 435 is
regioselectivé? initiation from the primary hydroxy groups &f-sorbitol is expected to be
faster than initiation from the secondary hydroxgups, implying that there will be arms
with different lengthsi(e., shorter arms from the secondary alcoholsDedorbitol) and

leading to star PCL with a miktoarm star architegtu

3.4. Mark-Houwink plot for star-branched polymer

The structure of the star polymers can be confirrbgdSEC analysis with an Rl and a
viscosity detector using the Mark-Houwink relatibips The slope o) of the double-
logarithmic Mark-Houwink plots, derived for stBrsorbitol-PCL from §j] = K x M %, where
[n] is intrinsic viscosity,M is molecular weight, and. and K are the Mark-Houwink
constants, is related to the branching of the pelgnfFigure S7). Am-value between 0.1 to
0.6 is representative of star polymers and a vai® 0.6 to 1 corresponds to linear coil
structure$/°®% Branched polymers have a higher segment densitypamed to linear
polymers of equivalent molecular weight, resulting decrease in intrinsic viscosify’* All

the D-sorbitol-PCL polymers synthesised by Novozym 43t &n(Oct) have a-values
between 0.27 to 0.58, which is in good accordandé & star like architecture of the
polymers. However, it is worth noting that s@sorbitol-PCL polymers synthesised with
Sn(Oct) either in the bulk or in scCGnhave a slightly lower intrinsic viscosity in conmsn

to those obtained with Novozym 435 (Figure S7). hypothesise that this shows a lower
number of arms for the star polymers synthesise@rnmyme catalysis compared to those

synthesised using Sn(Ogt)The a-values of theD-sorbitol-PCL polymers synthesised by
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Novozym 435 (0.57-0.58; Table 2) are close to Adiciating structures in between a star-like
and a linear-like topology. This observation mighggest structures composed of two main
arms with a low amount of shorter arms radiatirmgfithe secondary-sorbitol —OH groups.
StarD-sorbitol polymers synthesised with Sn(Qdither in the bulk or in scCGhow lower
values ofa (0.27 — 0.39; Table 1) which indicates a more binad structure and thus a larger
number of arms.

MALDI-TOF analyses were performed in order to ferthnvestigate the synthesised star

polymers.

3.5.MALDI-TOF MS

A semi-quantitative investigation by MALDI-TOF-MSage insights into the molecular
structure of staD-sorbitol-PCL. The mass spectrum of dbasorbitol-PCL synthesised using
Sn(Oct) regardless of the solvent medium showed one didioib where the signals were
separated by 114.14 m/z corresponding to the nfake & CL repeating units (Figure 5). All
signals were assigned to PCL chains initiatedDbgorbitol with K as the cation. These
results confirm the formation of stBrsorbitol-PCL without side reactions. The inseg(ie

5) shows the signals at m/z = 5015.3, 5129.4 ad®@.52 which represent molecular masses

of the K" adduct ofD-sorbitol attached to 42, 43 and €L units, respectively.
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Figure 5. MALDI-TOF mass spectrum dd-sorbitol[(PCL) 7OH],, synthesised in the bulk in
the presence of Sn(OgtjTable 1, Entry 3). The MALDI-TOF spectrum was aicgd in

linear mode.

All the signals in the mass spectrum of diasorbitol[(PCL»sOH] (Table 2, Entry 3)
catalysed by 3 wt% Novozym 435 in scE&€orrespond to polymers with theCL repeat unit

as well (Figure 6). The main population (P1) is posed of K adducts ofD-sorbitol
initiated PCL. For instance, the signal at m/z 740 in the inset corresponds to thé K
adduct ofD-sorbitol attached to 25-CL units (D-sorbitol[(PCLysOHJ+K] ™). For both
syntheses in the bulk and in sc{@hree distributions were observed in the MALDIHO
spectra of stabD-sorbitol[(PCL),OH]. synthesised using Novozym 435. In addition to the
main population (P1), a second population (P2)esponding to PCL initiated by water
(linear HOOC-PCL-OH) and a third population (P3)responding to PCL macrocycles
formed by the back-biting side-reactiémvere present in the low molecular mass region (m/z

= 1000 — 3000, Figure 6, inset).
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Figure 6. MALDI-TOF mass spectrum dD-sorbitol[(PCLY»sOH],, synthesised in presence
of 3 wt% Novozym 435 using scGQ@Table 2, Entry 3). The m/z values given in theein
correspond to the main populatisorbitol[(PCL)OH], K*. Additional populations (P2
and P3) observed in the low molecular weight regimnassigned to side-products related to

PCL initiated by water and macrocycles.

Thus, MALDI-TOF analysis revealed the formationaomixture of structures for the star

sorbitol-PCL synthesised using Novozym 435 as #alyst (Figure 6) and therefore the

SEC—MALS( H-NMR

ratio Mp, star polymery¥i, (arm) is not a fully reliable estimation of the noen
of arms. In order to better understand the strectfr star PCL, in particular, star PCL
synthesised using Novozym 435 as the catalyst, pthigmers were characterised by a

phosphitylatioriP NMR method.
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3.6. Quantifying the number of arms by a phosphitylation/*P NM R method
The quantitative investigation of the number of srfN.m{>'P)), the number average

P-NMR

molecular weight of the arm#/( (arm)), the molecular weight of the star polymidq

NMR(star polymer)) and the percentage of linear PCairchpresent in stdb-sorbitol-PCL
was performed by the phosphitylation method dewedopy Spyroset al’® This method
utilises 2-chloro-4,4,5,5-tetramethyldioxaphospheldCI-TMDP) as a phospholane reagent
and cyclohexanol as an internal standard for sulesed'P NMR analysis.

The P NMR analysis oD-sorbitol was performed as a refereticethe phospholane ester
of D-sorbitol, the primary hydroxy groups (1°, triple§H,OP-, § = 147.0-148.6 ppn can

be distinguished from the secondary hydroxy gro@jsdoublet, -CH®-, § = 145.5-147.0
ppm)3(Scheme S2, Figure S8 (A), (B)). Moreover, the aigorresponding to the primary
hydroxy groups of the PCL arm of star D-sorbitoltPgblymer, exhibits a different chemical
shift (1°, triplet, -PCL-®, 6 = ~147.02) than those originating from tBesorbitol core
(Figure 7 (A)-(C)). A downfield shift was also olpged for any residual hydroxy group of
the D-sorbitol core present in the star PCL for bothalyaic systems (Figure 7 (B)-(Gs
Figure 7 (A)). A phosphitylated carboxy acid grougs a different chemical shift range (-
COOP-, 5 = 133.0-136.6 ppm) than hydroxy groupsience, it is possible to identify the end
groups of the water initiated linear PCL.

The representativeP NMR spectrum of the st&-sorbitol[(PCL), /OH]., synthesised using
Sn(Oct) in the bulk (Table 1, Entry 3) shows no signalgesponding to -COBR- (Figure 7
(B)), which is in corroboration with MALDI-TOF MSala confirming the absence of water
initiated linear PCL in the samples prepared uS€n¢Oct) as a catalyst. The corresponding
inverse gated proton-decoupl&® NMR spectra were recorded in the presence aftamial

standard (cyclohexanol) for quantification (Fig@@ A). The number of armsl,md>'P), of

starD-sorbitol[(PCL) 7OH], corresponds to the number of hydroxy groupB-@orbitol that
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have effectively initiated the ROP ofCL. It was evaluated by comparing the number of
phosphitylated PCL chain endspt.cp) with the total number of phosphitylated hydroxy
groups in the sample (Equation é))

Jper- 1
Namd3P) = PCL—OP <6 (1)

I 1o 429+ Tper—op
The total number of phosphitylated groups in thee giolymer corresponds to the residual
phosphitylated hydroxy groups (1° + 2°) on tbesorbitol core and the phosphitylated
hydroxy chain ends of the PCL arms (PCL-OP), armbesponds to the total amount of
hydroxy groups of the initiator. The absence ofnalg resulting from primary hydroxy
groups of the core in st@-sorbitol[(PCL) 7OH]y implies that all primary hydroxy group
initiate the ROP o&-CL (two growing arms). In contrast, 23% of the aetary hydroxy
groups of the core are still present in the stdyrper indicating three growing arms from
secondary hydroxy groups in average (Figure S9(Ah)js presence of residual secondary
hydroxy groups could be explained by the steridrance resulting from adjacent PCL arms.
An average of five arms was obtained for dbasorbitol[(PCL) .11 OH]s catalysed by
Sn(Oct) both in the bulk and in scGQ@Table 3).
For the polymerisation using enzyme catalysis i@gas of the reaction medium, tfiP
NMR analysis of the staD-sorbitol[(PCL}4.30OH], sample (Table 2) shows resonances
associated with carboxy acid groups (singlet,-EQ&= 134.74 0.01 ppm), corresponding
to linear PCL (Figure S10-S11). It correlates walth MALDI-TOF analysis of these
samples (e.g. Figure 6), confirming the presendewfmolecular weight linear PCL chains
initiated by water. However, the quantity of liné¥CL chains present in star D-sorbitol-PCL
samples synthesised by enzyme catalysis was verylli@l -11.3%) (Equation (S8), Table 4

& Table S2, Figure S10-S11).
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Figure 7. 3P NMR spectra without decoupling of phosphityla¢a)l D-sorbitol, (B) staD-
sorbitol[(PCL)Y 7OH], (Table 1, Entry 3) showing residual secondary bygrgroups on the
D-sorbitol core and (C) stdd-sorbitol[(PCLYsOH], (Table 2, Entry 3) showing residual
primary and secondary hydroxy groups Drsorbitol alongside linear PCL. IS: internal
standard (cyclohexanol). It should be noted fromuFe S8 that there are minor additional

peaks that arise after the phosphitylation proeessappear in the region of the 2° hydroxyl.
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Table 3. Determination of the number of arms and the mdégaueight by**P NMR for star

D-sorbitol-PCL synthesised in the presence of St)¢Oc

*'P NMR (Phosphitylation)
M, PNMRD g FNMR Notation of samples in Table 1

Sample Nams C*PP  (arm)  (star polymerf
(gmor’) (g mor?)

Entry 1 5.0 1250 6300 starsorbitol[(PCL) :OH]s0
Entry 2 4.8 1190 5750 starsorbitol[(PCL)1 OH]4
Entry 3 5.1 1100 5600 stBrsorbitol[(PCL);OH]s 1
Entry 4 5.0 1300 6500 stAr-sorbitol[(PCL)1¢:OH]s

& Average number of arms quantified following Eg). &hd the corresponding inverse gated decoupled
3P NMR spectra (Figure S9).

® Number average molecular weight of arms determfokalwing Eq. (S6).

“ Molecular weight of star polymer determined follogiEq. (S7).

The Namd>'P)for enzyme catalysed star PCL was evaluated aciomufur the water initiated

linear PCL chainsHOOC-PCL-H) (Equation (2)):

Jocr—op~ b 2
Namd3*P) = pcL—op~ J pci—coop <6 (2)

f(1°+2°)+ Toer—op= Jper—coor

Table 4. Quantification of the number of arms and the malecweight by*'P NMR for D-

sorbitol-PCL synthesised in the presence of NovoZ@H

3P NMR (Phosphitylation)

Sample |, %COOH?  M,F\MRc g, PNMR Notation of samples in Table 2
arms H
#ip)° (linear (arm)  (star polymer}
chains) (g mol?) (g mol?)
Entry 1 3.1 1.4 2000 6200 starD-sorbitol[(PCL},OH]s 1
Entry 2 3.3 5.2 3200 10600 starD-sorbitol[(PCLsOH]3 3
Entry 3 3.2 5.4 3000 9600 starD-sorbitol[(PCLsOH]s »
Entry 4 2.9 11.3 2900 8400 starD-sorbitol[(PCL),OH] o

& Average number of arms quantified following Eg. 42d the corresponding inverse gated decoupled
P NMR spectra (Figure S10 and Figure S11).

® Amount of linear PCL chains quantified following@d (S8).

“ Number average molecular weight of arms determfalbolwing Eq. (S6).

4 Molecular weight of star polymer determined follogiEq. (S7).

Following equation (2) théNamd*>'P) for all the star D-sorbitol-PCL synthesised gsin

Novozym 435 was about 3 regardless of the catlgsling and the reaction medium (Table
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4). TheNams “ECMALSNMR yalues are slightly lower than themd3'P) values because SEC-
MALS cannot account for the presence of linear R€lthe star polymer samples. ffP
NMR analysis of Novozym 435 catalysed sEasorbitol[(PCLYsOH], (Table 2, Entry 3,
Figure S11 (A)), the resonances correspondingdiolwal hydroxy groups db-sorbitol core
show that 72% of the primary hydroxy groups ingi®OP ofs-CL (1.5 growing arms in
average) and about 45% of the secondary hydroxypgranitiate ROP of-CL (1.8 growing
arms in average). This indicates that the Novoz@s eatalyst is preferentially initiating the
eROP ofe-CL from the primary hydroxy groups d@-sorbitol but Novozym 435 is not
completely regioselective towards primary alcohafsler the reaction conditions studied.
The overall number of arms determined for &asorbitol[(PCLsOH]3, sample in this way
is 3.2 (Table 4, Entry 3).

The M, "R (arm) determined by'P NMR (Table 3 and Table 4) are in good agreement

with the results fronm,, FNVR

(arm) analysis (Table 1 and Table 2). An averagaber of
arms of 5 is determined by both tA#® and'H NMR analyses in addition to the narrow
dispersities observed by SEC-MALD € 1.03-1.12, Table 1) and the uniform distribution
(uniform Gaussian curve) observed by MALDI-TOF aonf the controlled synthesis of
well-defined, regular star polymers in the preseaté&n(Oct) in the bulk and in scCO
(Figure 8(A)). When using Novozym 435 as the catalg lower value of 3 for the average
number of arms, higher molecular weights of thesaramd slightly higher dispersitieB &
1.23-1.36) were observed compared to using SrfOidt)s indicates that a lower number of
hydroxy groups ofD-sorbitol initiate the eROP leading to less regudtar architectures
(Figure 8 (B)). It is important to state that ditdianalysis of the phosphitylation process
(Figure S8 (B)) does show that the process is ahliko be fully quantitative ob-sorbitol

and that there are some minor impurities arisingfother species that are revealed in the 2°

peaks. These will, of course, contribute to 12 NMR spectra of the star polymers (Figure
30



7) and introduce some errartd our calculations cthe Namd>*P) but nevertheless, these d
corroborate the differences observed in the pradadsing from tin catalysis and from t

enzyme.

(A) Regular star palymer by Sn(Oct), B) Miktoarm star polymer by Novozym 435

.A%@Auv

Figure 8. Schematic neresentation of star -sorbitol-PCL gnthesised by (A) Sn(Oc
giving regular star polymenrwith 5 arms and by (B) Novozym 43belding a mixture of
miktoarm star polymersThe D-sorbitol core ¢ ), PCL arm®@®) and hydrox groups € )

are presented.

3.7.DSC (in Ny)

DSC was employed to iegtigate th¢hermal properties of polyol-PCIM, *5“™MA- = 6000
g mol', Table S1)synthesised in the presence Sn(Oct) and star C-sorbitol-PCL
synthesised usinjovozym 435(Table 2).As expected, the polymers were s-crystalline.
The melting point of theglyol-PCL decreases with an increasmgnber of arnm (Figure 9),
which may hinder thérmation of crystalline domains PCL (Figure S1). This result is in

agreement with a previous report Endoet al'®

who observed that ®our-arm star PCL
exhibited the lowest,, wher compared tstar PCL of similar molecular weics with three
or two arms.

The melting temperaturd{) of the regular star D-sorbitol-PCiynthesised usit Sn(Oct)

as the catalyst in the bulbN{md**P) = 5.1, T, = 35 °C)is lower than th: of the star D-
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sorbitol-PCL synthesised by eROP in s¢Gamd>P)= 3.2, T, = 41 °C), which in turn is
lower than theT,, of the hexanediol-PCL synthesised using Sn¢ethe bulk Nam{>*P)=
2, T =45 °C) (Table S3).

Multiple melting peaks have also been reportechanliterature for both linear pobAlactic
)74

acid)* and also for star-shaped pdlylactic) acid’” This observation is attributed to the

presence of crystalline domains of different sizé different perfection.

D-sorbitol-PCL
<\
35°C
Triglycerol-PCL
B W
S 38°C Increasing
= Pentaerythritol-PCL number of
\.—9 A PCL arms
= 40 °C
] N
I Glycerol-PCL
Wf_
43°C
Hexanediol-PCL
N_
45°C
T T T T T T
-50 0 50 100

Temp. (°C)
Figure 9. Comparison of DSC thermogram of polyol-PCL. Thetimg temperatures were

obtained from the second heating scan.
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4. Conclusion

A sustainable route for star-shaped peolgéprolactone) synthesis was implemented using
renewable feedstock in clean solvents (sg¢@@d bulk). The effect of the catalytic system
(Sn(Oct) and Novozyni35) on the architecture of star polymer was ingastd in detail by
NMR (*H and®P), MALDI-TOF, SEC-MALS and Mark Houwink plot. Depeing on the
differences in architecture, the star polyol-PChevg different thermal properties, where the
melting temperature and crystallisation temperatigerease with increasing number of arms
as evidenced by DSC.

Using scCQ, the star synthesis can be performed at a sigmifig lower temperature (95 °C)
as opposed to bulk synthesis (140 °C) with Sn¢&dalyst. Besides, a significant reduction
of the induction period (<1B) was observed in scG@ comparison to the bulk reaction (75
h) performed at the same temperature (95 °C) wha@taining a regular star architecture.
Well-defined, star D-sorbitol-PCL with 5 arms, reawr dispersities® = 1.03-1.12) and an
excellent agreement between targeted and experinertiecular weightNI,"*® = 6000 g
mol™* andM, S5¢MAS = 5500 - 6100 g md) were achieved in both the bulk and in seCO
The synthesis of star D-sorbitol-PCL by enzyme Wwhetn the bulk (91% in 7 h at 60 °C) or
in scCQ (96% in 7 h at 60 °C) is much faster even at $icgmtly lower temperatures
compared to the Sn(Ogtgatalyst in the bulk (97% in 10.5 h at 140°C) andcCQ (96% in

56 h at 95 °C).

Novozym 435 with a CalLB loading as low as 0.3 anit% was employed in scG@hich
successfully resulted in star architecturesDesorbitol-PCL with lower dispersities and
higher molecular weight than in the bul® € 1.23 — 1.24/s 1.34 — 1.36 ant1,>cc™MAS =
10100 — 8800 g mdl vs 5650 — 7800 g md). These data clearly highlight that a

combination of scC®and Novozym 435 could provide a fully green rotdgenovel star
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polymers that completely avoids the use of volaiiiganic solvents and metal catalysts. The
star architectures from eROP show a reduced nuwibarms Nams close to 3) but longer
individual arms when compared to those obtainednfrivaditional catalyst Sn(Oet)
Moreover, the eROP route leaves residual unredotdcbxy groups on the core, something

that cannot be achieved by a metal catalyst.
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