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Pressure sensitive adhesives (PSAs) are widely used materials in a

number of applications, such as sticky notes and tapes, but for

most commercial products they are derived from petrochemicals.

Here, a series of pentablock polymers, with an ABABA structure

featuring poly(cyclohexene oxide-alt-phthalic anhydride) ‘A’

blocks and poly(ε-decalactone) (PDL) ‘B’ blocks, are prepared as

pressure-sensitive adhesives from bio-sourced monomers. The

pentablock polymers are prepared by controlled polymerisation

techniques, using a single catalyst, in a one-pot process. Polymer

properties are tuned through varying the hard block (A) content

between 16–39 wt%. Below 25 wt% hard block, the pentablock

polymers show low-tack adhesive performance (0.2–0.6 N cm−1)

and are removed by adhesive failure. Their adhesive performance

compares favourably to low-tack commercial adhesives.

Introduction

Pressure-sensitive adhesives (PSAs) are an important class of
materials used as tapes, glues and labels in packaging, auto-
motive components, and electronics.1 They are characterised
by their ability to self-adhere quickly under light pressure,
resist shear forces during use, and be removed without leaving
adhesive residue.2–5 To achieve this, PSAs should have a
balance between the viscous flow required for substrate
wetting and elasticity for mechanical integrity and removabil-
ity.6 Most PSAs consist of polyacrylates, natural rubbers or
styrenic copolymers which are combined with tackifier and
other additives.4,7–9 Amongst these formulations, tackified
styrenic block copolymers stand out for their tuneable visco-
elastic and mechanical properties. These materials are typi-
cally ABA triblocks which comprise 10–30 wt% of the hard/
glassy ‘A’ block with a glass transition temperature (Tg) > room
temperature and the remainder a soft/rubbery ‘B’ block (Tg <
room temperature). Block phase separation is desirable, with

the rubbery matrix enabling substrate wetting and surface
contact, while the hard domains act as physical crosslinks to
provide cohesive strength and resist shear forces.4,10

With the exception of natural rubber based-PSAs, most for-
mulations are petrochemically derived (e.g. polyacrylates or
styrenics). Development of alternative sustainable materials to
the petrochemically sourced polymers is essential to reduce
the 1.8 Gt of carbon dioxide (CO2)-equivalents emitted
annually from petrochemical polymer manufacturing.11–15

Oxygenated block polymers offer attractive alternatives as they
can be derived from renewable feedstocks and their high
oxygen content should improve substrate adhesion.16–18

Polyester-based PSAs are well precedented, with their potential
established by Long and co-workers.19–21 Triblock polyester
PSAs made by cylic ester ring opening polymerisation (ROP)
were initially demonstrated by Hillmyer and co-workers utilis-
ing monomers from biomass feedstocks; since then, many suc-
cessful examples have been developed from renewable mono-
mers such as lactide (from corn starch), menthide (from
mint), and ε-decalactone (from castor oil).22–30 In most cases,
the block polymers require further formulation with additives
and tackifiers to deliver the desired adhesive behavior.
Although certain additives, such as rosin esters, can be renew-
ably sourced, multi-component adhesives are inherently more
complex, posing challenges for future recycling and waste
management.

Single-component PSAs based on oxygenated block copoly-
mers have been reported by our team and others.31–35 These
materials were accessed by switchable polymerisation catalysis
which allows for coupling of ring opening copolymerisation
(ROCOP) of epoxide with CO2 or anhydride and cyclic ester
ring opening polymerisation (ROP), using a single catalyst, in a
one-pot process.36,37 This highly controlled catalysis results in
the production of block polyesters with predictable high molar
masses, and monomodal distributions, with high end-group
fidelity, and obviates the requirement for intermediary
polymer purification steps.38–41 Our prior reports utilise a
heterodinuclear [Zn(II)Mg(II)] catalyst to produce ABA triblockChemistry Research Laboratory, Department of Chemistry, University of Oxford,
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polymers featuring CO2-polycarbonate hard-blocks with
poly(ε-decalactone) (PDL) mid-blocks.32,42 Using the same cata-
lysis, fully biobased polyester PSAs were synthesised from tri-
cyclic anhydrides, limonene oxide, and ε-decalactone.31 In
both examples the oxygenated PSAs achieved high peel forces
(2–13 N cm−1) comparable to commercial tapes such as Duct
tape or Scotch tape.

There is an industrial application for low-tack PSAs which
are removable with a peel force around 0.5 N cm−1.26 In these
applications, achieving adhesive failure is important for more
temporary PSA applications, and this could be investigated
through modification of the block structure. Adhesive failure
occurs when the cohesive strength of the adhesive is greater
than the interfacial adhesion to the substrate.43 Targeting
higher-order block polymer structures, such as a pentablock
polymer, introduces additional hard domains which could act
as physical crosslinks to increase the internal strength of the
adhesive, promoting adhesive failure. Switchable polymeris-
ation catalysis allows for controlled and selective sequencing
of blocks which enables synthesis of higher-order multiblock
polymers, for example pentablock or heptablock polymers.42,44

Here, we investigate polyester-based pentablock copolymers
and their potential as pressure-sensitive adhesives. They have
an ABABA structure, with poly(ε-decalactone) (PDL) soft ‘B’
blocks and poly(cyclohexene oxide-alt-phthalic anhydride)
(P(CHO-alt-PA)) hard ‘A’ blocks. The pentablocks are
prepared from bio-derived monomers: ε-decalactone (castor
oil),45,46 cyclohexene oxide (waste plant oil),47,48 and phthalic
anhydride (corn stover).49,50 The adhesive properties of
these materials are studied to understand how block architec-
ture might influence adhesion strength and failure
mechanism.

Results and discussion

A series of ABABA pentablock copolymers featuring semi-aro-
matic poly(cyclohexene-alt-phthalate) (PE) A-blocks in combi-
nation with poly(ε-decalactone) (PDL) B-blocks were synthesised
in a one-pot procedure using sequential monomer addition.
Polymerisations were conducted using the [LZnMg(C6F5)2]
heterodinuclear catalyst, at 100 °C, with 1,4-benzenedimethanol
(BDM) as an alcohol initiator (Fig. 1 and Fig. S1).51–53 The cata-
lyst system was reacted with a monomer mixture initially com-
prising phthalic anhydride (PA), cyclohexene oxide (CHO),
and ε-decalactone (DL) ([LZnMg(C6F5)2]0 : [BDM]0 : [ε-
DL]0 : [PA]0 : [CHO]0 = 1 : 2 : 1000 : 153 : 690). The ring-opening
copolymerisation (ROCOP) of PA and CHO takes place first, to
form the central P(PA-alt-CHO) block after 2 h (>99% conver-
sion, TOF = 77 h−1). The reaction progress was monitored by 1H
NMR spectroscopy of a reaction aliquot through comparison of
the relative integrals of the aromatic resonances in PA
(7.99 ppm) and P(CHO-alt-PA) (7.59 ppm) (Fig. S2). Following
complete consumption of the PA in the initial monomer
mixture, there is a mechanistic switch from ROCOP to ring-
opening polymerisation (ROP) of DL to afford the PDL-P(PA-alt-
CHO)-PDL copolymer. After 16 h, the DL ROP was complete
(97% conversion, TOF = 60 h−1), as confirmed by 1H NMR spec-
troscopy by comparison of the relative integrals of the –CH reso-
nances in DL (4.27 ppm) with PDL (4.91 ppm). To achieve the
desired pentablock copolymer structure, a second portion of PA
(307 equiv.) was added into the reaction mixture to grow the
outer hard blocks. After 72 h, the second ROCOP was complete
(>99% conversion, TOF = 4 h−1), resulting in selective P(PA-alt-
CHO)-PDL-P(PA-alt-CHO)-PDL-P(PA-alt-CHO) pentablock for-
mation. The slower rate observed for the second ROCOP likely

Fig. 1 Synthesis of the pentablock polyesters by sequential monomer addition. [LZnMg(C6F5)2]0 : [BDM]0 : [ε-DL]0 : [PA]0 : [CHO]0 =
1 : 2 : 1000 : 460 : 690. [CHO]0 in toluene = 1.5 M. Note that the PA is added in two portions with relative amounts 153 (i) and 307 equiv. (iii), in each
case amounts are vs. catalyst. (i) PA/CHO ROCOP at 100 °C catalysed by [LZnMg(C6F5)2] with BDM as a bifunctional initiator to form P(CHO-alt-PA)
homopolymer. (ii) DL ROP at 100 °C forming PDL-P(CHO-alt-PA)-PDL triblock copolymer. (iii) Second addition of PA followed by PA/CHO ROCOP at
110 °C to form P(CHO-alt-PA)-PDL-P(CHO-alt-PA)-PDL-P(CHO-alt-PA) pentablock copolymer.
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arises from decreased accessibility of chain ends at higher mole-
cular weight and the lower concentration of CHO as the
monomer is consumed. The reaction mixtures were quenched
by exposure to air, followed by removal of catalyst and isolation
of the polymer by precipitation into methanol. The polymers
were dried under vacuum to remove all residual solvent (150 °C,
24 h). 1H NMR spectroscopy and thermogravimetric analysis
(TGA) helped confirm the complete removal of the processing
solvents and catalyst (Fig. S2 and S8–11).

Selective formation of the block polyester is supported by
SEC analysis of reaction aliquots which show a steady increase
in polymer molar mass (Mn) through the reaction from around
10 kg mol−1 to 50 kg mol−1 to 70 kg mol−1 whilst retaining a
monomodal distribution of moderate dispersity (Ð < 1.4)
(Fig. S5). 1H DOSY NMR analysis of the pentablock polymer
also shows a single diffusion coefficient for all resonances,
suggesting all blocks are joined (Fig. S6). Analysis of the chain-
end groups, by 31P{1H} NMR spectroscopy following treatment
with a phospholane reagent, showed only the presence of
P(CHO-alt-PA) hydroxy end-groups (146.4 ppm) from the outer
hard block (Fig. S7).54 Analysis of the carbonyl region of the
13C{1H} NMR spectra shows signals for both the P(CHO-alt-PA)
and PDL blocks at 166.8 ppm and 173.4 ppm, respectively
(Fig. S3). This is consistent with block polymer formation
without transesterification block scrambling.55

Four pentablock copolymers (PB-1 to PB-4) were synthesised
with approximately the same Mn (∼70 kg mol−1) but show
increasing hard block content from 16 to 39 wt% (Table 1).
Accessing high molecular weight polyesters, particularly
through using ROCOP and switch catalysis, remains challen-
ging showcasing the excellent performance of the Zn(II)Mg(II)
catalyst.56,57 Relatively lower hard block contents were chosen
to allow enough soft block needed for surface wetting and tack
in PSAs.4 The relative hard block wt% was determined from
the relative integrals of the PDL block resonance (4.85 ppm) to
the P(CHO-alt-PA) resonance (7.58 ppm) (Fig. S2). Differential
scanning calorimetry (DSC) shows the polymers are all amor-
phous, showing a lower glass transition temperature (Tg) close
to −50 °C and upper Tg of 138 °C (Fig. S12). The Tg values
observed are close to the expected values for the constituent
polymers suggesting phase separation of the hard and soft
blocks.51,58–60 The apparent absence of an upper Tg by
DSC in samples with low hard block content (PB-1 and PB-2)

is due to its reduced concentration and low DSC signal
intensity.32,51,52

Small-angle X-ray scattering (SAXS) data of films of PB-3
and PB-4 show a principal scattering peak (q*) with domain
spacing (d ) of 20 nm and 26 nm, respectively (Fig. S14). The
SAXS data is consistent with phase separation, but long-range
ordering is limited as higher-order peaks are not observed for
the pentablock polymers. TGA showed relatively high thermal
stability compared with other polyesters and with the onset to
decomposition occurring at Td,5% ≥ 310 °C for all polymers
(Fig. S8–11). PB-3 and PB-4 could be processed into free-stand-
ing films. In contrast, PB-1 and PB-2, which have low hard
block content (<20 wt%), are highly viscoelastic and unable to
form freestanding films.

Rheological frequency sweeps were performed to assess the
viscoelastic properties across the series of polymers (Fig. 2a
and Fig. S15–17). From this, a viscoelastic window was con-
structed using the shear storage modulus (G′) and shear loss
modulus (G″) at frequencies consistent with adhesive bonding
(10−1 rad s−1) and debonding (102 rad s−1) for each pentablock
polymer (Fig. 2b).61,62 For adhesives these values are an impor-
tant measure of the response of a material to shear forces
during application and removal.1 G′ at the bonding frequency
must fall below the Dahlquist criterion (G′ ≤ 3 × 105 Pa) to
promote good adhesive contact due to surface wetting.2 This is
true for samples PB-1, PB-2, and PB-3, which show G′ values
below the Dahlquist criterion, indicating they should be
effective PSAs without the need for additives or tackifiers. The
bonding modulus of PB-4 lies above the Dahlquist criterion,
which is likely a result of the higher hard block content
(39 wt%), rendering the material too rigid to be considered a
PSA. For comparison, the equivalent triblock copolymer (TB-1)
with 25 wt% hard block, shows a bonding modulus above the
Dahlquist criterion, indicating the material is too stiff to be
considered a PSA (Fig. S18–19).51 The application potential of
the pentablock polyesters was assessed according to Chang’s
quadrant method.1 The viscoelastic windows of PB-1 and PB-2
suggest they should be easily removable PSAs, whereas, PB-3
falls within the window of general-purpose PSAs.

Samples PB-1, PB-2, and PB-3 were assessed as pressure
sensitive adhesives by 180° peel tests, using polished stainless
steel as the substrate and PETE film (Mylar) as the adhesive
backing (ISO 29862:2018). Peel adhesions for PB-1 (0.19 N

Table 1 Pentablock polyester characterisation data

Sample wt % PDL : P(PA-alt-CHO)a Mn,SEC
b,c (kg mol−1) [Ð] Tg1, Tg2

d (°C) Td,5%
e (°C) Classification

PB-1 84 : 16 67 [1.26] −48, n.o. 314 Viscoelastic liquid
PB-2 80 : 20 58 [1.20] −49, n.o. 310 Viscoelastic liquid
PB-3 74 : 26 74 [1.27] −49, 138 312 Elastomeric
PB-4 61 : 39 69 [1.36] −48, 138 311 Elastomeric
TB-151 76 : 24 89 [1.05] −41, 136 307 Elastomeric

aDetermined from the 1H NMR spectra of purified samples (Fig. S2, SI). b Estimated by SEC with THF eluent, RI detector, calibrated using PS
standards. c Mw/Mn.

dDetermined by DSC, second heating curve. n.o. = not observed. e Thermal degradation is reported as the temperature at
which 5% mass is lost by TGA.
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cm−1), PB-2 (0.43 N cm−1), and PB-3 (0.64 N cm−1) showed an
increase with greater P(CHO-alt-PA) hard block content (16 to
26 wt%) across the series (Fig. 3). PB-1 and PB-2 demonstrated
desirable adhesive failure with clean removal and no residue
(Fig. S20). PB-3 failed cohesively, leaving polymer residue on
the substrate, which would be a disadvantage for a removable
application. Adhesive failure results from bridging of the hard
domains by the rubbery soft block in the block copolymers,
which form fibrils during PSA debonding and increase cohe-
sive strength of the PSA.28,63 The lower hard block content of
PB-1 and PB-2 promotes effective fibril formation and elonga-
tion during the PSA debonding, leading to adhesive failure.
Whereas, this mechanism is more hindered in PB-3, which
has higher hard block content, and resulted in cohesive
failure. The low adhesion force of these materials is compar-

able to reported values for commercial low tack PSAs used for
removable/repositionable tapes or surface protection films,
such as MBM (0.34 N cm−1), Post-it note (0.33 N cm−1), low
tack paper tape (0.67 N cm−1), low tack vinyl adhesive (0.19 N
cm−1), and 3M tape cleaner (0.51 N cm−1).26 The pentablock
polyesters provide low strength peel adhesion without the
need for additional of additives such as tackifiers for PSA
applications.

The stress–strain behaviour of PB-3 and PB-4 were studied
by uniaxial tensile testing, at an extension rate of 10 mm
min−1 (Table S2 and Fig. S21). Dumbbell shaped specimens
were cut from the polymer films, according to ISO 527-2, speci-
men type 5B using a cutting press. PB-3 and PB-4 both exhibit
elastomeric behaviour. PB-3 shows low ultimate tensile
strength (0.76 MPa) and a strain at break of 261%. At increased
hard block content, PB-4 showed an improvement in tensile
strength (2.61 MPa) and strain at break (405%). PSAs with
higher hard block content often have a G′ that is too large, hin-
dering substrate wetting and tackiness and thus limiting
adhesive performance of PB-4.

A series of pentablock polymers with high molar mass and
increasing hard block content were selectively prepared using
a single catalyst, in a one-pot procedure. Polymerisations
were highly controlled and selective, enabling the formation of
multiblock polymers at varying block compositions. The poly-
esters were effective low-tack pressure sensitive
adhesives, without the addition of tackifier resin or additives.
They showed comparable adhesive performance to existing
commercial materials, with favourable adhesive failure at
lower hard block content (< 20 wt%) making them most suit-
able for temporary applications. These results showcase the
utilisation of switchable catalysis to selectively prepare penta-
block polymers which act as effective low-tack PSAs. It is
expected that further manipulation of polymer composition,
molar mass, and block ratios would allow further tuning of
material properties.

Fig. 2 (a) Frequency sweep of PB-2 (25 °C). (b) PSA performance windows of pentablock polyesters constructed from the bonding (ω = 0.1 rad s−1)
and debonding frequencies (ω = 100 rad s−1).

Fig. 3 180° Peel adhesion properties on stainless steel substrates of
PB-1, PB-2, and PB-3 with comparisons to commercial low tack PSAs.
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