Open Access Article. Published on 20 Kudo 2024. Downloaded on 11/07/2025 9:59:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Polymer
Chemistry

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

’ M) Check for updates ‘

Cite this: Polym. Chem., 2024, 15,
1227

Received 13th December 2023,
Accepted 20th February 2024

DOI: 10.1039/d3py01380d

Ring-opening polymerisation of alkyl-substituted
e-caprolactones: kinetic effects of substitution
positiont

Cinzia Clamor,? James Beament,® Peter M. Wright,® Beatrice N. Cattoz,”
Rachel K. O'Reilly 2 ** and Andrew P. Dove (2} *@

Ring-opening polymerisation (ROP) of lactones has been proven as a powerful technique to generate
polyesters with high levels of control over molar mass and polymer dispersity. However, the introduction
of functional groups on the monomer ring structure can dramatically influence the ability of a monomer
to undergo ROP. Therefore, understanding the structure—reactivity relationship of functional monomers is
essential to gain access to materials with chemical functionality via direct polymerisation. Herein, we
report how structural modifications of alkyl-substituted e-caprolactones affected their reactivity towards
the ring-opening of the functional monomer. We observed that the reactivity was strongly influenced by
the substituent position, wherein the §-substituted monomer exhibited the fastest polymerisation kinetics.
In contrast, a substituent placement in the e-position significantly reduced polymerisation time compared
to other substituent positions. Moreover, the thermal properties of the resultant functional e-polycapro-
lactones were investigated and showed no significant change in the thermal transitions. This demonstrates
that functional caprolactone monomers with sterically demanding functional groups can still undergo
direct ring-opening polymerisation and that careful positioning of these functional groups enables
control of the rate of polymerisation, a crucial parameter to be considered for the design of new prospec-
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Introduction

Aliphatic polyesters are an attractive and versatile class of poly-
meric materials that can undergo degradation by hydrolysis, as
well as, in some cases, degrade in the environment."” Their
application ranges from commodity thermoplastics to bioma-
terials for tissue engineering or drug delivery devices.*® In
particular, polycaprolactones (PCLs) have been the subject of
considerable interest owing to their low toxicity, biocompatibil-
ity and biodegradability.”® Synthetically, PCL can be obtained
either by step-growth polycondensation of hydroxycarboxylic
acids or ring-opening polymerisation (ROP) of lactones.! While
polycondensation reactions allow the production of a wider
range of functional polyesters, they often require long reaction
times and high temperatures, resulting in poor control over
the molar mass.* By contrast, ROP enables the generation of
polyesters with good control over polymerisation, predictable
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tive functional monomers and their industrial applications.

molar mass and narrow dispersities."”"" As a consequence,

the ROP of lactones constitutes the method of choice for the
synthesis of PCL and has been extensively studied using a
variety of catalytic systems and initiators.">™*> However, a
major limitation towards the development of new materials
results from the lack of readily tuneable side chain functional-
ity, which prevents direct functionalisation to be performed on
the polymer backbone. Indeed, the presence of functional
groups is highly desirable for the design of new potential
monomers as it allows important polymer properties such as
crystallinity, biodegradation rate or mechanical properties to
be tailored.'®

Over the past two decades several strategies for the syn-
thesis of functional polycaprolactones have been developed. A
common approach is to graft functional groups onto pre-
formed polymer chains bearing a reactive pendant group such
as azides," alkynes'® or epoxides."® This approach allows the
introduction of a variety of functional groups via e.g. click
chemistry,”>*" cycloadditions®® or metathesis reactions.”?
However, these reactions are often limited by functionality,
scalability and contamination by catalysts and/or chemicals
used to perform the post-polymerisation functionalisation.? To
overcome these predicaments, the direct polymerisation of
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functional monomers offers highly effective and efficient syn-
thesis with greater control over monomer purity, polymer com-
position and the ability to produce block copolymers without
the need of a further modification step.>**> Therefore, the
direct ROP of monomers containing functional groups is often
more desirable to develop more universal polymerisation strat-
egies for e.g. industrial applications.

The ROP of functional e-caprolactones has been widely
studied using simple functional monomers including lactone
substituted with halogenides,”®*” acrylates®® or terminal
olefins.>® However, the addition of new functional groups, par-
ticularly those in close proximity to the active ring-opening
centre, can promote steric hindrance and influence the ring-
opening polymerisation kinetics. In order to enhance the
understanding of substituent effects on monomer polymerisa-
bility, Hillmyer and co-workers systematically studied the poly-
merisation thermodynamics and kinetics of a series of n-alkyl-
substituted d-valerolactones with a focus on the effect of alkyl
substituent sizes and regiochemistry on the polymerisation
rate.>® The authors found that the regiochemistry of a methyl
substituent influenced the polymerisation rate. Monomers
substituted in a- and p-position polymerised at a rate compar-
able to the unsubstituted monomer, whereas a substituent
placed in the 8-position made the polymerisation an order of
magnitude slower.*® Considering the importance of exploiting
novel functional caprolactones, we envisioned that a compara-
tive study of how sterically demanding alkyl substituents influ-
ence the ring-opening kinetics would enhance the understand-
ing of the structure-reactivity relationship, a fundamental
parameter to be evaluated prior to polymer applications on a
larger scale.

Herein, we describe the direct preparation of functional
lipophilic polyesters via well-controlled ring-opening poly-
merisation using alkyl-functionalised e-caprolactone (eCL)
monomers. In particular, we sought to investigate the relation-
ship between the substituent position on the eCL ring and the
reaction rate, by using four different alkyl-functionalised
caprolactone isomers: yC;3CL, a mixture of two isomers substi-
tuted in B- and 8-position (3/8C,sCL isomers), and eC;4CL.
Moreover, the effect of the alkyl chain position on the thermal
properties of the formed polymers was also investigated.

Experimental
Materials

Chemicals and solvents, unless otherwise stated, were pur-
chased from Sigma-Aldrich and Fisher Scientific and used
without further purification. Deuterated benzene was ordered
from Apollo Scientific, degassed by repeated freeze-pump-
thawing and then dried under reflux over sodium and benzo-
phenone before storing it under an inert atmosphere of N,.
Deuterated chloroform was ordered from Apollo Scientific,
dried over molecular sieves 3 times and deoxygenated with N,
before storing it under an inert atmosphere of N,. Diphenyl
phosphate was dried under reduced pressure at 50 °C for 3

1228 | Polym. Chem., 2024,15,1227-1233

View Article Online

Polymer Chemistry

days. 4-Methoxybenzyl alcohol was dried over CaH, for 24 h
and distilled under reduced pressure before storing it under
an inert atmosphere of N,. Amberlyst A21 free base was
washed repeatedly with methanol and dried under reduced
pressure prior to use. The alkyl-substituted monomers,
yC1sCL, B/8C,5CL isomers and eC;3CL were received from
Infineum UK Ltd (Schemes S1-S37), dissolved in dry CH,Cl,
and dried over CaH, for 24 h (and this was repeated 1x with
fresh CaH,). Excess CaH, was removed by cannula filtration
and CH,Cl, was distilled off under reduced pressure before
storing the monomers under an inert atmosphere of N,.

General considerations

All polymerisations were performed under an inert nitrogen
atmosphere in a glovebox unless otherwise stated. All other
chemical manipulations were performed using standard
Schlenk-line techniques. "H NMR and *C NMR spectra were
recorded on a Bruker DPX-300, DPX-400 or HD500 spectro-
meter. Chemical shifts are reported in ppm. Solvent residual
signals were used as reference (CDCl,, 'H: § = 7.26 ppm for
CHClI;, 3C: 6 = 77.16 ppm for CDCl;; C¢Ds, 'H: 6 = 7.16 ppm
for C¢DsH and "*C: § = 128.06 ppm for C¢Dg). The signals are
characterised as s = singlet, d = doublet, t = triplet, q = quartet
and m = multiplet. The coupling constant J is recorded in
Hertz (Hz). Size exclusion chromatography (SEC) measure-
ments were performed on an Agilent 1260 Infinity II Multi-
Detector GPC/SEC System fitted with RI, ultraviolet (UV, 4 =
309 nm), and viscometer detectors. The polymers were eluted
through an Agilent guard column (PLGel 5 pM, 50 x 7.5 mm)
and two Agilent mixed-C columns (PLGel 5 pM, 300 x 7.5 mm)
using CHCI; (buffered with 0.5% v/v NEt;) as the mobile phase
(flow rate = 1 mL min~", 40 °C). Number average molar mass
(M,,), weight average molar mass (M,,) and dispersities (Dy; =
M,/M,) were determined using Agilent GPC/SEC software
(vA.02.01) against a 15-point calibration curve (M, =
162-3187000 g mol™') based on poly(styrene) standards
(Easivial PS-M/H, Agilent). Number average molar mass (M),
weight average molar mass (M,,) are given in g mol™*. The
thermal characteristics of the polymers were determined using
differential scanning calorimetry (DSC) on a STARe DSC3
system from Mettler Toledo and analysed in 40 uL aluminium
pans from -100-200 °C at a heating rate of 10 °C min™" for two
heating/cooling cycles or 1 °C min™" for one heating/cooling
cycle. TGA data was obtained using a Q50 Thermogravimetric
Analyzer (TA instruments). Thermograms were recorded under
an N, atmosphere using a heating rate of 10 °C min~*, from
25-500 °C, with an average sample weight of ca. 10 mg.
Decomposition temperatures were reported as the 5% weight
loss temperature (Tyq 5%).

Standard procedure for DPP catalysed polymerisations

Using standard glovebox techniques, a stock solution was pre-
pared containing 4-methoxybenzyl alcohol initiator (55.0 mg,
0.40 mmol) and dry benzene-ds (500 pL). The stock solution
(50 pL) was added to the appropriate monomer (2 mmol) and
catalyst (50.0 mg, 0.20 mmol) in dry benzene-ds (1.95 mL) to

This journal is © The Royal Society of Chemistry 2024
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form a 1 M solution. The solution was then transferred into a
vial. Aliquots were taken at allotted time points and quenched
by the addition of Amberlyst® A21 free base. After determining
the polymer conversion by "H NMR spectroscopy, Amberlyst®
was removed via filtration through a pipette plugged with
cotton wool and the polymer was precipitated into cold MeOH,
cooled using liquid nitrogen. Polymers were dried under
vacuum.

For y(Cys)poly(e-caprolactone). "H NMR (300 MHz, CDCl;,
299 K, ppm): 6 = 6.96-6.77 (m, 2H, CHaromatic), 5.04 (S, 2H,
CH,), 4.08 (t, J = 7.1 Hz, 95H, (CO)OCH,), 3.81 (s, 3H, OCHj,),
2.28 (t,J = 7.8 Hz, 103H, (CO)OCH,), 1.86-1.35 (m, 208H, CH,),
1.37-1.14 (m, 1806H, CH,), 0.99-0.63 (m, 155H, CHS).

3C NMR (101 MHz, CDCl;, 299 K, ppm): § = 173.9 (C=0),
62.8 (CH,0), 61.0 (CH,), 34.4 (CH), 33.3 (CH,), 32.3 (CH,),
32.08 (CH,), 31.7 (CH,), 30.2 (CH,), 29.9 (CH,), 29.9 (CH,),
29.8 (CH,), 29.5 (CH,), 28.8 (CH,), 26.6 (CH,), 22.8 (CH,), 14.3
(CH).

SEC (CHCl): My, = 11 350, My, = 12 700, Dyy = 1.12.

For  P/3(Ci)poly(e-caprolactone) isomers. 'H NMR
(300 MHz, CDCl;, 299 K, ppm): § = 6.88 (d, J = 8.7 Hz, 2H,
CHaromatic)y 5-04 (s, 2H, CH,), 4.18-3.92 (m, 93H, (CO)OCH,),
3.80 (s, 3H, OCHj), 2.43-2.14 (m, 104H, (CO)OCH,), 1.87 (s,
53H, CH,), 1.76-1.51 (m, 135H, CH,), 1.25 (s, 2035H, CH,),
0.87 (d,J = 7.0 Hz, 177H, CHj3).

3C NMR (101 MHz, CDCl;, 299 K, ppm): § = 173.6 (C=0),
66.9 (CH,0), 36.9 (CH), 34.5 (CH,), 32.0 (CH,), 31.1 (CH,), 30.9
(CH,), 30.0 (CH,), 29.8 (CH,), 29.7 (CH,), 29.7 (CH,), 29.4
(CH,), 26.7 (CH,), 26.6 (CH,), 22.7 (CH,), 22.2 (CH,), 14.2
(CH).

SEC (CHCI;): M, = 6350, M,, = 6900, Dy = 1.09.

For ¢(C,g)poly(e-caprolactone). "H NMR (400 MHz, CDCl;,
299 K, ppm): 6 = 6.81 (d, J = 8.7 Hz, 2H, CH,romatic), 4-96 (s, 2H,
CH,), 4.78 (t, ] = 6.2 Hz, 48H, (CO)OCH), 3.73 (s, 3H, OCHj),
2.19 (t,J = 7.6 Hz, 104H, (CO)OCH,), 1.65-1.33 (m, 275H, CH,),
1.18 (d, J = 2.4 Hz, 1852H, CH,), 0.81 (t, ] = 6.7 Hz, 167H, CHj).
3C NMR (101 MHz, CDCl3, 299 K, ppm): § = 173.4 (C=0), 74.0
(CHO), 50.9 (CH,), 34.5 (CH,), 34.0 (CH,), 33.9 (CH,), 32.0
(CH,), 29.8 (CH2), 29.7 (CH2), 29.7 (CH2), 29.7 (CH2), 29.6
(CH2), 29.6 (CH,), 29.4 (CH,), 25.4 (CH,), 25.0 (CH,), 25.0
(CH,), 22.7 (CH,), 14.1 (CH3).

SEC (CHCl,): M,, = 10 100, M,, = 12 500, Dy, = 1.23.

Results and discussion

Ring-opening polymerisation of n-alkyl-substituted
caprolactones

The alkyl-substituted monomers, yC;3CL, €C;3CL and the
mixture of the p- and 8C,3CL isomers, were each polymerised
under identical conditions using diphenyl phosphate (DPP)
(10 mol%) as the catalyst and 4-methoxybenzyl alcohol as the
initiator ([M]o/[I]o = 50) (Scheme 1). DPP enables the ROP of
lactones with high control over molar mass regardless of the
monomer structure and was therefore chosen as the catalyst
for this study.?*>!
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Scheme 1 General scheme for the ring-opening polymerisation of
n-alkyl-substituted e-caprolactone monomers.

Each polymerisation was monitored independently by 'H
NMR spectroscopy following the disappearance of CH,O0C=0
monomer resonance (6 = 3.7 ppm, Fig. 1) and the appearance
of the CH,0OC=O0 polymer resonance (6 = 4.2 ppm, Fig. 1); as
shown for yC;sCL in Fig. 1. For this particular monomer, a
decrease in the monomer concentration was observed, reach-
ing a monomer conversion of 90% within 2.5 h. In order to
study the polymerisation control, aliquots were taken from the
individual polymerisations, quenched by the addition of a
solid-support base (Amberlyst®) and further analysed by size
exclusion chromatography (SEC) and "H NMR spectroscopy.

All studied polymerisations demonstrated a linear increase
of molar mass with conversion (Fig. 2), indicating a well-con-
trolled polymerisation. This could be further confirmed by "H
NMR spectroscopy of the precipitated polymers, which
revealed the characteristic peaks of the PCL backbone with the
pendant alkyl moieties and well-defined end-group signals
(Fig. S4-S67). These were used to confirm a degree of poly-
merisation (DP) close to the targeted DP. SEC analysis further
confirmed the well-controlled nature of the polymerisations
with dispersities between 1.09 and 1.23. (Table 1 and Fig. S7-

a o) (0]
0 Q\OWO>H
u ~o CigHaz "
CigHa7
*
b ! | .
)\JMJ 150 min
JL 120 min
N . oo 90 min
60 min
M M
MM M 30 min
[ W 1.7 10 min
44 42 40 38 36 34 32 30 28 26
ppm

Fig.1 (a) ROP of yCi;sCL using DPP (10 mol%), 4-methoxybenzyl
alcohol ([Mlo/lllo = 50), benzene-ds. (b) Stacked H NMR spectra
(benzene-ds, 300 MHz) during ROP of yC;5CL showing the CH,OC=0
monomer resonance between § = 3.37-3.70 ppm and CH,OC=O
polymer resonance at § = 4.2 ppm.
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Fig. 2 Number-average molar mass (M,) plotted against monomer
conversion for the ROP of yC4gCL, €C1gCL and p/8C1gCL isomers using
DPP (10 mol%) and 4-methoxybenzyl alcohol as initiator ([Mlo/[llo = 50).
Number-average molar mass (M,,) determined by SEC analysis in CHCl3
(0.5% NEt3), calibrated against polystyrene standards.

Table 1 Ring-opening polymerisation of n-alkyl-substituted caprolac-
tone monomers using DPP (10 mol%)?

Monomer
Reaction Conversion M, M,
Monomer  Time (h) (%) (kg mol™)° (kg mol™)¢ Py?
¥C15CL 3.4 86 17.5 11.4 1.12
B/6C1sCL 4 78 17.1 6.4 1.09
(1:1 ratio)
eCy3CL 207 82 17.7 10.1 1.23

“DPP (10 mol%) and 4-methoxybenzyl alcohol as initiator ((M]/[I]o =
50) at 25 °C in benzene-ds. ” Determined by integrating end-groups
using "H NMR spectroscopy (benzene-dg, 298 K). ° Determined by 'H
NMR spectroscopy (CDCl;, 298 K) analysis by integrating end-group
signal and CH,0C=O0 polymer resonance (§ = 4.2 ppm). “ Determined
by SEC analysis in CHCl; (0.5% NEt;) as eluent and calibrated against
polystyrene standards.

S97) It should be noted that eC;3PCL showed a small shoulder
at higher molar mass, which can be explained by the presence
of transesterification side reactions occurring at high
monomer conversions (Fig. S91). Overall, these results confirm
that ROP is a method that enables the synthesis of a range of
functional polycaprolactones while maintaining control over
polymerisation parameters such as molar mass and dispersity.

Kinetic resolution of the p- and §C,3gCL isomers

Notably, while the increase of M,, with conversion showed a
linear behaviour in all cases, the kinetic plots showed first
order behaviour only for the pure monomers yC,3CL and
€C,3CL. Not surprisingly, the mixture of the p- and 8C;3CL
isomers displayed a non-linear relationship of the semiloga-
rithmic plot, giving first indication that both monomers
polymerise at different rates (Fig. 3b). "H NMR spectroscopic
analysis in benzene-d, did not show any resolution between
the CH,OC=O0 polymer resonance (5 = 4.2 ppm) of the f- or
8-substituted C,3PCL. Therefore, to assess the progression of
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Fig. 3 (a) *H NMR spectrum (CDCls, 400 MHz) of p and 8CygPCL. * =
MeOH. (b) Semi-logarithmic kinetic plot time for the ROP of /6C;gCL
isomers. (c) Resolved semi-logarithmic kinetic plot for the ROP of p/
8C1gCL isomers. [M]g = 0.5 M (calculated by NMR spectroscopy based
on a starting ratio of p isomer : 5 isomer = 1:1).

the polymerisation of the two isomers, individual kinetic
points were taken at allotted times, precipitated into methanol
and re-dissolved in chloroform-d. The ratio of the f- to
§-isomers was evaluated by comparing the CH,OC=0 integrals
(6 =4.0 and 3.9 ppm, respectively), which showed distinct split-
ting patterns (Tables 2 and S1f). The CH,OC=O resonance
splitting into a doublet can be assigned to 8C,gPCL, whereas
the triplet corresponds to the BC;3sPCL isomer (Fig. 3a). The
linearity of the resolved semi-logarithmic plot indicates first
order Kkinetics in all cases with the &-substituted C,gPCL dis-
playing the fastest polymerisation rate (Fig. 3c). Using this
kinetic resolution experiment allows the comparison of the
polymerisation rate of all 4 alkyl-substituted monomers at
fixed catalyst and initiator concentration (Fig. 4). Not surpris-
ingly, the rate of polymerisation is strongly dependent on the
position of the substituent. While §- and y-substituted C;geCL
displayed the fastest kinetics, with monomer conversion of
around 85% reached within 3 h, the p-position seemed to have
a greater impact on the ROP Kkinetics, possibly owing to an
increased steric hindrance. In contrast to these findings, when
the C;g-substituent was placed in the e-position, a substantially
reduced rate of polymerisation was observed such that a
monomer conversion of only 80% could be obtained within 9
days. We propose that the significantly slower kinetics are the
result of high levels of steric hindrance around the carbonyl
functionality (kinetics: 8Cy5 > yCyg > PCyg > €Cig). These
results are similar to those observed by Hillmyer and co-
workers, where a series of alkyl-substituted &-valerolactones
were investigated. Among the methyl-substituted lactones, the
y-substituted derivative exhibited the fastest polymerisation
rate, whereas the §-substituted §-valerolactone was reported to

This journal is © The Royal Society of Chemistry 2024
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Table 2 Kinetic resolution of the ROP of the constitutional isomers p/5C,gCL?

Total conversion”

B-C1sPCL isomer :

Resolved conversion Resolved conversion

Time (min) (%) 8-C,3PCL isomer” (B isomer)? (%) (8 isomer)” (%)
15 15 1:1.6 12 18
30 27 1:3 14 40
60 39 1:4.5 14 64
90 53 1:2.7 28 76
120 60 1:2.9 30 88
240 78 1:1.9 52 —
360 85 1:1.2 68 —
420 92 1:1.1 72 —

“ROP of B/5(C;5)CL isomers using DPP and 4-methoxybenzyl alcohol as initiator ([M],/[T], = 50). [M] = 1 M. ” Determined by "H NMR spectroscopy
in benzene-ds.  Determined by "H NMR spectroscopy in CDCl; by integration of CH,0C=O integrals at & = 4.0 and 3.9 ppm. ? Calculated from
isomer ratios obtained by "H NMR spectroscopy based on a total monomer concentration of 1 M and a starting ratio of f isomer: 8 isomer =1:1.

[e] 0] 0
[¢] I
o) o) 0
> \ > o >> \
CgHa7 \__/ CigHs

CigHaz CigHa7

35- 25
= 20
301 Zs
—~ 25{ =10
s . £05
S 20; 0.0
2015 101234561738
= 974 Time (h
= h) ¥C1sPCL
= 1011 BCsPCL
0.5- 8C,gPCL
0.0 : : : Pt
0 50 100 150 200 250
Time (h)

Fig. 4 Semi-logarithmic kinetic plot for ROP of ¢C1gCL, yC1gCL and p/
8C,gCL isomers using DPP (10 mol%) and 4-methoxybenzyl alcohol as
initiator (IMlo/lll = 50). In([Mlo/[M]) was determined by H NMR
spectroscopy.

have the slowest polymerisation rate, likely as the result of the
relatively low reactivity of the propagating secondary alcohol.*
Nevertheless, the sluggish polymerisation rate of €C;3CL could
be further improved by increasing the temperature from 25 to
50 °C or by changing the catalyst from DPP to Mg(BHT),(THF),

(Fig. S107).

Thermal properties of the C,g-substituted PCLs

In order to probe how the substituent position affects the
thermal properties of the obtained polymers, differential scan-
ning calorimetry (DSC) analysis was performed on yC;sPCL
€C,3PCL and P/8C,3PCL isomers with a degree of polymeris-
ation (DP) of 50 ([M]o/[I]o = 50) (Fig. 5 and S117). All three poly-
mers exhibited a sharp first-order melting and crystallisation
transition (T, and T¢). The glass transition temperature (7g)
could not be observed, possibly owing to it being masked by
the intensity of the T}, and T, transition. The observed crystal-
linity is likely the result of a cooperative organisation of the

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) Thermogravimetric analysis (TGA) of yC1gPCL, ¢C1gPCL and f/
8C1gPCL isomers. Analytical data of the analysed polymers is summar-
ised in Table 1. (b) Differential scanning calorimetry (DSC) for
2" cooling cycle (200 to —100 °C, 10 °C min™) showing crystallisation
and melting temperature of the polymers.

pendant C,5 alkyl chains, which has been previously reported
to enhance the overall order in the polymers.>”*® However,
when comparing the three different constitutional isomers
only slight differences in the T,, and T, could be observed with
yC1gPCL displaying the highest T}, of 49 °C while B/3C;gPCL
isomers displayed the lowest Ty, of 42 °C (Table 3). The lower
Tm of the p/6C,sPCL isomers is likely the result of the presence
of two substituent sides in the polymers, which thereby
disrupt the packing of the Cjg-alkyl chains in the polymer.
Thermogravimetric analysis (TGA) revealed a weight loss of 5%
at 280 °C for yC;3PCL and at around 260 °C for both £C;zPCL
and p/8C;gPCL isomers, although €C;gPCL isomers showed a
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Table 3 Differential scanning calorimetry data and thermogravimetric
data of yC1gPCL, ¢C1gPCL and p/8C,gPCL isomers

Polymer Tn®(°C) T.°(°C) AHn’(g™Y) T4¢5% (°C)
yC15PCL 49 44 —60.2 280
B/8C,gPCL isomers 42 35 -35.8 262
£C,;5PCL 47 41 -32.6 265

“ Ty and T. were determined by differential scanning calorimetry and
were obtained from the 2"¢ heating cycle and cooling cycle, respect-
ively. ? Total enthalpy of melting (AHy,) was calculated by integration
of the first-order endothermic transition. “ Determined by TGA at 5%
weight loss.

much sharper weight loss compared B/6C,3PCL (Fig. 5a).
Nevertheless, all three polymers exhibit thermal stability below
250 °C, making them a suitable material for a range of indus-
trial applications. Overall, it could be demonstrated that the
position of the alkyl chain on the PCL backbone has only
minor effects on the thermal properties of the resultant poly-
mers. This demonstrates that the discrete substituents play a
major role in polymerisation kinetics, but only have minor
effect on the resulting thermal properties.

Conclusions

We report the well-controlled ring-opening polymerisation of 4
alkyl-substituted e-caprolactone monomers. All 4 monomers
could be polymerised using the commercially available organo-
catalyst DPP to obtain lipophilic polyesters. Although the syn-
thesis of all functional polyesters could be achieved with good
control over molar mass and dispersity, the polymerisation
rate was strongly dependent on the substituent placement.
While the substituents in y- and 8-position had only a minor
effect on the overall polymerisation time, with 85% conversion
reached in 3 h, the substituent placed in p-position increased
polymerisation time to 7 h owing to increasing steric hin-
drance around the active carbonyl centre. Using identical poly-
merisation conditions, the e-caprolactone monomer with a
€Cyg-substituent further increased the polymerisation time
drastically to 9 days. However, analysis of the thermal pro-
perties by DSC and TGA revealed that the substituent position
in the resulting functional polyester has only minor impact on
properties such as crystallisation and degradation tempera-
ture. Overall, this shows that by changing the position of the
Cig-alkyl substituent the relative polymerisation rates can be
significantly changed without impacting the thermal pro-
perties of the functional polyesters. This highlights how
simple substituent placement can be utilised to favour the
kinetics of different monomer systems. These fundamental
studies are essential to understand synthetic limitations for
the design and development of new functional monomers
with tailored property profiles and can be utilised to establish
guidelines for the design of future materials.
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