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Polyhydroxyalkanoate block polymer adhesives
derived from long-chain aliphatic β-lactones
and lactide
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Pressure sensitive adhesives (PSAs) are contained in numerous packaging products as labels, tapes, and

sealants. Consequently, they are a common contaminant that complicates repulping during paper re-

cycling and industrial composting. Degradable PSAs are an attractive alternative where complete removal

or separation is not practical. In this work, we employed epoxide carbonylation to produce

β-tridecalactone to prepare poly(β-tridecalactone) (PTDL) through ring-opening transesterification

polymerization (ROTEP). We explored the synthetic challenges in producing high molar mass

(>20 kg mol−1) PTDL. These include dehydration of the propagating chain end and adventitious initiation

from impurities in the monomer. The utility of PTDL PSAs containing a rubbery midblock with semicrystalline

poly(L-lactide) (PLLA) end blocks was probed as a function of composition, molar mass, and processing con-

ditions. The largest PLLA volume fraction ( fPLLA = 0.31–0.35) triblock polymers exhibit commercially com-

petitive peel strengths (5.5 ± 0.9 N cm−1) and loop tack (8.5 ± 0.9 N cm−1) values, with properties similar to

office and duct tapes. This work informs how long aliphatic chain containing β-lactones can be effectively

harnessed to produce high performance PSAs with the end goal of fully biodegradable adhesives.

Introduction

Pressure-sensitive adhesives (PSAs) are a ubiquitous com-
ponent of modern commerce. In the low-cost, high-volume
market of tapes and films, they can be used to seal packages
and affix labels. In higher-cost, lower-volume markets they are
used as permanent fasteners in automobiles, provide protec-
tive coatings for glass, and support medical devices.1–3 The
prevalence of PSAs found in everyday items leads to the con-
tamination of recycling streams which can cause various pro-
blems, particularly in the paper industry where adhesive resi-
dues can reduce pulp fiber adhesion and clog processing
equipment.4 PSAs are also found in compost streams and have
recently become the target of regulation directed at improving
the compostability of produce containing residual adhesive,
with the Environmental Protection Agency of Ireland recom-
mending legislation requiring all produce label adhesives be
certified compostable.5 Regulatory trends and the growing
awareness of the issues caused by non-degradable plastic

waste are leading to efforts to develop degradable PSA
formulations.

Polymeric materials that compose PSAs can be broadly
grouped into acrylate copolymers,6 natural rubbers,7 ther-
moplastic polyurethanes,8,9 and styrene block copolymers
(SBCs).10 SBCs are generally ABA triblock polymers com-
posed of glassy poly(styrene) “A” blocks at a minority
volume fraction and a rubbery majority “B” block of either
poly(butadiene) or poly(isoprene), or hydrogenated analogs.
The high glass transition temperature (Tg) hard blocks
provide the PSA with the cohesive strength required for high
peel forces and shear resistance while the low-Tg rubbery
block allows for rapid wetting of substrates on contact.1

Polyester-based triblock polymers are promising alternatives
to SBCs as they can be both biodegradable and sustainably
sourced with a wide monomer design space for tailorable
properties.11,12 A growing body of work has explored PSA for-
mulations with poly(lactide) (PLA) hard blocks and a variety
of lactone-based midblocks such as poly(menthide),13 poly
(β-methyl-δ-valerolactone),14 poly(pentadecyl caprolactone)
(PPDCL),15 poly(γ-methyl-ε-caprolactone) (PγMCL),16 poly(n-
alkyl-δ-lactone),17 and poly(ε-decalactone)18 synthesized by
ring-opening transesterification polymerization (ROTEP).
Many of these low-Tg polyester based midblocks have low
entanglement molar masses (Me) which decrease their
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ability to bond to a substrate and thus require the addition
of tackifier in PSA formulations.15

Long-alkyl chain β-lactones are a promising class of mono-
mers that could be viable midblocks for biodegradable triblock
PSAs. β-lactones can be produced from plant oils, using long-
chain alpha olefins which are a product of olefin metathesis as
a starting material, followed by epoxidation and
carbonylation.19,20 The length of the aliphatic side chain can
be tuned to increase the corresponding polymer Me. For
example, Kim et al. demonstrated that the 15-carbon pendent
group on PPDCL resulted in an Me of 20–28 kg mol−1 and
Schneiderman et al. showed that increasing the chain length
of substituted n-alkyl-δ-lactone from a methyl to pentyl raised
Me from 3.4 to 13.5 kg mol−1.15,21 MacDonald et al. has
explored the polymerization of β-lactones with methyl, ethyl,
n-butyl and decyl pendent groups and demonstrated that the
shorter pendent group monomers can successfully produce
ABA triblock polymers with PLLA end blocks via ROTEP.
However, they did not pursue the decyl substituted monomer
due to slow polymerization kinetics.22

In this work we demonstrate, for the first time, the use of
long-chain 1,2-epoxides as the starting material for the syn-
thesis of β-lactone based polyester triblock PSAs. Derivable
from bio-based long-chain fatty acids, 1,2-epoxides provide a
diverse class of materials from which to design high entangle-
ment molar mass midblocks. We demonstrate that this syn-
thetic approach is viable by synthesizing β-tridecalactone
(TDL) via epoxide carbonylation of 1,2-epoxydodecane (EDD)
and, through subsequent ROTEP steps, produce ABA triblock
polymers with hard, semicrystalline PLLA end blocks and soft
poly(β-tridecalactone) (PTDL) midblocks. We discuss the syn-
thetic challenges surrounding the polymerization of β-lactones
and develop PSA formulations which are competitive with
commercial materials, demonstrating that long-chain
β-lactones are promising candidates for future development of
more sustainable PSAs from agricultural feedstocks.

Results and discussion
Monomer synthesis and polymerization

The synthesis of TDL and the subsequent polymerization
details are included in the SI. Epoxide carbonylation is a well-
established method to produce β-lactones with good selecti-
vity, preservation of stereocenters, and high yields when
optimized.23,24 Coupled with the industrialization of long-
chain epoxidized alpha-olefins, such as Cargill’s Vikoflex®,
this chemistry introduces opportunities in materials develop-
ment using long-chain β-lactones to produce PSAs
(Scheme 1a). The primary side product of this carbonylation is
a ketone produced via β-elimination of the ring-opened
epoxide which is favorable at low CO pressures and high
temperatures.25,26 Synthesis of TDL was conducted at 560 psig
of CO and 60 °C with the ratio of epoxide to catalyst tuned to
reduce the production of the corresponding ketone (dodecan-
2-one), with a selectivity of 97% achieved by reducing catalyst

loading to 0.04 mol% of the epoxide (Table S1). The character-
ization of the products by 1H and 13C NMR spectroscopy
(Fig. S1–4) is included in the SI. Catalyst removal and vacuum
distillation of the monomer was carried out before a single-pot
triblock synthesis of LTL was performed, as shown in Scheme 1b.

Several challenges exist in synthesizing high molar mass
hydroxy-telechelic polyhydroxyalkanoates via ring-opening
polymerization of β-lactones. The two most relevant to this
work being the competition between O-acyl and O-alkyl bond
cleavage (nucleophilic attack at the carbonyl carbon or the ter-
tiary carbon in the ring) producing either a carboxylate-con-
taining chain end or a hydroxyl-containing chain end, respect-
ively, and the dehydration of the propagating secondary
alcohol from O-acyl cleavage leading to chains with unsatu-
rated end groups.27 These side-reaction products are detrimen-
tal to the synthesis of block polymers as both carboxylic acid
and dehydrated end group types are unable to initiate sub-
sequent block polymerization via ROTEP. We tested commonly
used catalysts from literature including trifluoromethane-
sulfonic acid (HOTF), bis(4-nitrophenyl) phosphate (BNPP),
diphenyl phosphate (DPP), and triethyl aluminum (Et3Al) with
the goal of achieving molar masses above 20 kg mol−1 and low
degrees of dehydration. The Lewis acid, Et3Al, was chosen for
its ability to produce high end-group fidelity. In our polymeriz-
ation, BDM initiated ROTEP of TDL catalyzed by Et3Al was
employed to produce hydroxy-telechelic PTDL macroinitiators.
After polymerization of TDL to ∼90% conversion (1H-NMR
spectroscopy), L-lactide was added to produce the corres-
ponding LTL triblock polymers. 1H NMR spectroscopy (Fig. 1)
indicated that the desired terminal methine from poly
(β-tridecalactone) appeared as a broad peak (δ 3.9 ppm), while
the presence of the dehydrated end groups formed during TDL
polymerization presented as a doublet (δ 5.75 ppm) and multi-
plet (δ 6.9 ppm).28 After the addition of L-lactide, the inte-
grations of the olefinic end groups remained the same
suggesting no further increase in their concentration and that
they did not participate in chain extension with L-lactide
(Fig. 1). Complete initiation from the PTDL hydroxyl groups
was observed in the second step, with the appearance of PLLA
terminal methine protons (δ 4.3 ppm) and the disappearance
of the PTDL terminal methine protons (δ 3.9 ppm). A conse-
quence of some chain-end dehydration is that three species
are present in the final block polymer sample: the desired LTL
triblock polymers, PTDL-block-PLLA diblock polymers corres-
ponding to one dehydration event on one end of the growing
telechelic PTDL macroinitiator, and PTDL homopolymer with
two dehydrated chain ends, as shown in Scheme 1b.

Four LTL samples were synthesized with Mn,PTDL targets of
19 and 38 kg mol−1 and fPLLA targets of 0.125 and 0.25. The
labeling of the materials is LTL (Mn,PTDL, fPLLA) with the mole-
cular characteristics listed in Table 1 and the synthetic con-
ditions in Table S2. Size exclusion chromatographic (SEC) ana-
lysis of the PTDL macroinitiators and chain-extended polymers
corroborate the 1H NMR spectroscopic evidence of block
polymer formation (Fig. S5), with clear shifts in the peak
elution times. The traces in Fig. 2 provide qualitative evidence
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for the presence of LTL triblock, TL diblock, and PTDL homo-
polymer, with the LTL sample traces appearing trimodal. A
broader distribution is already apparent in the higher molar
mass PTDL macroinitiators before chain extension, with a
high molar mass shoulder appearing. Increasing dispersity is
noted in Table S2 after chain extension to produce PLLA end-
blocks, likely the result of doubly-dehydrated PTDL chains not
extending and PLLA-PTDL diblock polymers forming with
lower total molar mass than the final triblock polymers, broad-

ening the overall distribution of chain lengths. The 1H NMR
spectroscopic analyses (details in the SI, Fig. S6, and Table S3)
show a larger percentage of dehydrated chain ends in the
higher Mn triblock polymers, with the ratio of dehydrated end
groups to initiator species increasing from approximately 25%
in the systems with ~16 kg mol−1 PTDL based macroinitiators
to approximately 50% in the ~34 kg mol−1 PTDL macroinitiator
based triblock polymers. This could be the result of the longer
reaction time (40 h vs. 80 h, respectively) providing more

Scheme 1 (a) Representative pathway from vegetable oils to biodegradable PSAs via long-chain β-lactones produced through the epoxidation of
alpha-olefins and carbonylation of subsequent 1,2-epoxides followed by ROTEP and chain extension with PLLA. (b) Synthetic scheme for the syn-
thesis of PLLA-PTDL-PLLA triblock polymers. Carbonylation of 1,2-epoxydodecane to produce β-tridecalactone is followed by ring-opening
polymerization initiated by 1,4-benzene dimethanol to produce telechelic poly(β-tridecalactone). Subsequent chain extension with L-lactide pro-
duced LTL triblock polymers. In addition to the primary triblock polymer product, the end groups of possible dehydrated side products are shown in
a dashed box.
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opportunities for dehydration after higher monomer conver-
sions. An increase in the ratio of total end groups to initiator
species is also noted in these higher molar mass LTL samples
with both LTL (35k, 0.31) and LTL (34k, 0.21) having approxi-
mately one dehydrated end group and two PLLA end groups
per BDM initiator. This is likely due to the adventitious
initiation of PTDL by the water released from dehydration of
propagating end groups, as the AlEt3/H2O system is a known
initiator of β-butyrolactone and likely TDL.29,30 Consequently,
the true molar masses of the PTDL midblock are likely lower
than those calculated in Table 1. The SEC data in Table S2

shows that the higher molar mass targets (PTDL (34k) and
(35k), respectively) and the lower molar mass targets (PTDL
(16k) and (17k), respectively) may have more similar molar
masses than the 1H NMR data would suggest. The presence of
diblock polymers in a triblock-based PSA formulation has
been shown to affect the mechanical properties of fibrillation
during tack experiments but their inclusion in a formulation
does not compromise the materials applicability as an
adhesive.31,32

PSA microstructure and thermal properties

Neat LTL solutions were made by dissolving the LTL samples
in chloroform with a final solids content of 20 wt%. Solutions
were blade coated onto a semicrystalline PET backing with a
1 mm gap and allowed to dry under an active nitrogen flow for
48 h and gave final film thicknesses of approximately 110 µm.
No residual solvent was observed in the films by differential
scanning calorimetry (DSC) analysis after drying. The mechan-
ical utility of a triblock-based PSA is predicated upon the
microphase separation of the hard and soft domains,33 where
the hard domains provide cohesive strength to the film and
the soft domain allows for wetting of the substrate under light
pressure. Previous work using solvent casting for PSA prepa-
ration found the resultant block polymer microstructure is
heavily dependent on processing conditions, and that kineti-
cally trapping a disordered state can occur even when long-

Fig. 1 1H NMR (400 MHz, CDCl3) spectra of the 17 kg mol−1 PTDL homopolymer (bottom) and LTL (17k, 0.35) (top) highlighting the disappearance
of the terminal methine signal of the PTDL (blue) upon chain extension with PLLA (new end groups shown in red). The alkene protons of the de-
hydrated end group are unreactive to chain extension and do not change in intensity during this process (black). Integrations of the aromatic
protons on the BDM initiator and the doublet from the dehydrated end group are shown under the spectra for reference. *Residual monomer.
‡Tentatively assigned to methylene protons from an ethyl ester impurity.

Table 1 Molar mass and end-group analysis of LTL triblock polymers

Sample
Mn,PTDL

a

(kg mol−1) fPLLA
b

Mn,PLLA
c

(kg mol−1) Ðd
End-group
fidelitye

LTL (16k, 0.18) 16.3 0.18 3.6 1.2 72%
LTL (17k, 0.35) 16.5 0.35 9.7 1.4 76%
LTL (34k, 0.21) 34.1 0.21 5.8 1.3 49%
LTL (35k, 0.31) 35.4 0.31 9.8 1.3 49%

a Calculated from the relative integrations of PTDL repeat units and
BDM aromatic protons from 1H NMR spectroscopy. b Calculated from
PTDL and PLLA repeat unit integrations from 1H NMR spectroscopy.
c Calculated from the PLLA repeat units and terminal methine end
groups. dDispersity calculated from RI SEC trace with polystyrene stan-
dards. e Ratio of non-dehydrated end groups to BDM initiator sites as
determined by 1H NMR spectroscopy integration.
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range order is possible in the system.34 As an example, using a
similar solvent casting method as in this work, Liang et al.
demonstrated that for PγMCL-based triblock PSAs solvent
casting resulted in poorly ordered microstructures; high-temp-
erature annealing produced strongly segregated domains and
desirable adhesive properties.16 Small angle X-ray scattering
(SAXS) of our neat, as-cast LTL triblock films reveal intense
principle scattering peaks (q*), indicative of microphase separ-
ation, with domain spacings ranging from 21 to 34 nm (Fig. 3
and Table S4). Microphase separation of the blocks was
further supported by the presence of independent Tgs for each
block in the DSC traces (Fig. S8). The more pronounced micro-
phase separation of the LTLs after solvent casting in this
system could be the result of the relatively low molar mass of
these polymers or the presence of diblock polymers as
described above.35

In the high PLLA volume fraction triblock materials, LTL
(35k, 0.31) and LTL (17k, 0.35), broad form factor scattering in
the SAXS data is observed, which could indicate spherical or
cylindrical domains. The lack of distinct higher-order peaks

prohibits a definitive identification of the microstructure, with
the samples best described as locally microphase separated
but poorly ordered over longer length scales. This behavior has
been observed in similar systems with PγMCL midblocks and
PLLA end blocks and is often attributed to kinetic trapping of
the block polymer microdomains during processing.36–38

Fitting to cylindrical and spherical form factors were
attempted for both samples and show large deviations
between the fitted radii and the radii calculated using the prin-
ciple scattering peak (Table S5), indicating that neither form
factor well describes this system. The lower volume fraction
samples exhibited only principle scattering peaks which indi-
cate that they are locally microphase separated without long
range order. These poorly defined domains are expected to
decrease the adhesive performance of the PSA formulations.16

Microphase separation and well-ordered domains are
important for block polymer adhesives, but they are not
sufficient for good adhesive performance. The midblock must
also be rubbery at the use temperature and exhibit facile sub-
strate adhesion. This often requires incorporation of small

Fig. 2 (a) SEC elution traces of PTDL macroinitiators isolated from the
one-pot synthesis of LTL triblock polymers. (b) SEC elution traces of LTL
triblock polymers after synthesis and purification showing block for-
mation and a multi-modal distribution.

Fig. 3 SAXS patterns of neat LTL triblock PSA samples after solvent
casting from chloroform and drying under nitrogen demonstrating
microphase separation. Data vertically shifted for clarity. Samples have
the same processing history as adhesion samples and DSC samples.
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molecule tackifiers to reduce the elastic moduli of the
materials. The addition of tackifier to triblock based PSA for-
mulations dilutes the entanglements of the midblock, allows
effective wetting of the substrate, and has been shown to
improve adhesion in the case of high Me midblocks, such as
PPDCL.14,15

We prepared PSA formulations of the four LTL triblocks at
different tackifier loadings (ranging from 0–60 wt% tackifier)
using the rosin ester tackifier, Sylvalite RE 80HP, to under-
stand how tackifier content affected the adhesive properties of
the PSAs. It is important for the tackifier to segregate preferen-
tially into the rubbery midblock domains and not compromise
the cohesive strength afforded by the hard endblock domains.
To probe the miscibility of tackifier into our block polymers,
we analyzed the thermal properties and microstructure of
these blends. Changes in the Tgs, as determined by the DSC
data shown in Fig. 4, of the two blocks as a function of tacki-
fier loading can be used to understand its partitioning into
the respective domains. An increase in the PTDL Tg from
−42 °C to −18 °C was observed between 20 and 60 wt% tacki-
fier loading, whereas a negligible decrease in PLLA Tg was
observed. This trend was consistent across all LTL samples in
both the first (only PLLA Tg observable) and second heating
cycles (Table S4 and Fig. S7–9) and supports the tackifier pre-
ferentially segregating into the PTDL phase. Similarly, SAXS
analysis of the PSA formulations with tackifier shows that the
form factor scattering behavior is not significantly affected by

its addition (Fig. S10), with the broad single peaks of these
samples indicating a poorly ordered but microphase separated
morphology (as evidenced by the distinct glass transition
temperatures seen in the DSC traces in all triblock polymer
samples with tackifier). We also noted a lack of PLLA crystalli-
nity in the first DSC heating traces (Fig. S7) and verified this by
WAXS analysis (Fig. S11). This is likely due to the rapid evapor-
ation of solvent during casting, preventing crystallization of
the PLLA end blocks. End block crystallinity has been shown
to increase PSA performance and could be achieved by an
annealing step above the Tg and below Tm of PLLA.16 The lack
of PLLA melting in the second-heating cycle (Fig. 4) is
explained by the slow crystallization of PLLA, with no crystalli-
zation exotherm observed in the cooling traces (Fig. S9).

A striking feature in Fig. 4 is the melting endotherm at
−26 °C in the 0 wt% tackifier sample. The same behavior is
observed in all neat LTL samples (Table S2 and Fig. S8) with
the corresponding crystallization exotherm in the relevant
cooling traces (Fig. S9). We attribute this to the crystallization
of the aliphatic side chain attached to the PTDL backbone.
Similar side-chain crystallization was also observed by Kim
et al. in their study of PPDCL, with the 15-carbon side chain
melting at 27 °C and the percent crystallinity of the midblock
decreasing as a function of tackifier loading.15 The authors
made the comparison to the melting of poly(n-alkyl acrylates)
which show an increasing melting temperature (Tm) as a func-
tion of side-chain length, with a side-chain length greater than
9 carbons required for crystallization to occur.39 Interestingly,
in our PSA formulations, tackifier completely suppresses the
side-chain crystallization above a 20 wt% loading.

Further analysis of the Tg of the PTDL homopolymer using
the Fox equation and the measured Tgs of the PTDL in the PSA
samples with different tackifier loadings is instructive. From
this analysis (details in the SI) we estimate that the Tg of the
PTDL homopolymer is approximately −50 °C but obscured in
the DSC data due to side chain crystallization. Crystallization
of a PSA’s midblock can limit its useful temperature range, as
below this Tm the midblock cannot easily flow and form a
bond with the substrate. In the case of PTDL, the low side-
chain melting point and suppression of crystallization when
formulated with tackifier permit usage of the material at a
wide range of temperatures.

PSA rheology

To understand the potential application space for these
materials rheological analyses were conducted. The materials
were loaded into the rheometer at elevated temperatures and
then cooled making their thermal history more like the second
DSC heating traces than the as-tested adhesives. PSA for-
mulations are often heated during industrial processing and
as such these measurements provide insights into their
potential behavior. Time–temperature superposition (TTS) was
employed to construct master curves of the storage (G′) and
loss (G″) moduli of PSAs at 0 and 40 wt% tackifier loadings. In
Fig. 5a the master-curves for LTL (35k, 0.31) show the onset of
the rubbery-plateau region at lower frequencies along with the

Fig. 4 DSC traces of LTL (17k, 0.35) PSA formulations showing the
glass-transitions of the PTDL midblock and PLLA end blocks at different
wt% tackifier loadings, indicated by the percentages on the right. At
0 wt% tackifier loading a melting endotherm overlaps with the Tg of
PTDL. Traces vertically shifted for clarity, second heat (10 °C min−1)
shown. Samples have the same processing history as adhesion test
samples and SAXS samples. Measurement details included in the SI.
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glass transition of the PTDL midblock in the 40 wt% tackifier
sample at the higher-frequency range of the curve. In the
0 wt% tackifier formulation, crystallization of the aliphatic
side chains in the PTDL caused the TTS to fail below −20 °C
and so the glass transition for that sample is not resolvable.
Similarly, at 60 °C and higher the glass transition of the PLLA
end blocks caused the TTS to fail and as such the data is best
interpreted between those values. All formulations satisfy the
Dalquist criteria (Fig. S12), which stipulates that for fast
adhesion of a PSA to a substrate the G′ should fall below 0.3
MPa at room temperature and a frequency of 1 rad s−1. The
addition of tackifier further lowers this G′ with the LTL (35k,
0.31) sample falling from 0.10 MPa to 0.05 MPa with the
addition of 40 wt% tackifier as expected. Master-curve data can
be used to analyze the application space of PSAs via Chang’s
window analysis.40 A PSA’s position in the four quadrants
helps to identify its appropriate use conditions. Fig. 5b shows
the corresponding analysis for the high fPLLA triblock polymers
at 0 and 40 wt% tackifier loading. Their position in the upper-
right quadrant indicates that they would be high-shear resist-
ant PSAs. The large values of G′ and G″ in the top-right corner
of the window predict high peel forces upon removal while the
G′ at the bottom two points of the window predict good shear
performance due to the elastic characteristic of the samples.

Adhesive performance

The peel and loop tack testing data (Fig. 6, Table S6, and
Fig. S13–20) shows how the synthesized LTL triblock polymers

performed once formulated with tackifier and solvent cast
onto the PET backing. All neat LTL triblock polymers, except
for LTL (34k, 0.21), demonstrated negligible average peel
forces. We believe that the high PLLA volume fractions of these
materials make them behave more elastically without tackifier
and thus they easily debond and experience adhesive failure.
This elastic behavior is corroborated by rheological testing, in
which the tackifier-free sample demonstrated solid-like behav-
ior at all tested frequencies (Fig. 5a and Fig. S12). With the
addition of tackifier, differences become apparent between the
low and high PLLA volume fraction triblock polymers. The
lower PLLA volume fraction triblock PSAs failed cohesively at
20 wt% tackifier and above, as shown by the residual PSA in
Fig. S21 after testing. This trend was also seen in the loop tack
data in Fig. 6b. We hypothesize that this is due to a combi-
nation of the poor microphase separation of the materials
noted in the SAXS data and the low molar mass of the PLLA
end blocks leading to more facile chain pullout from the hard
domains.41 In contrast, the larger volume fraction triblock
polymers, LTL (17k, 0.35) and LTL (35k, 0.31), demonstrate
adhesive failure from the substrate (Fig. S22), with higher peel
strength (2.1 ± 0.3 N cm−1 and 5.5 ± 0.9 N cm−1 respectively)
and loop tack (3.8 ± 0.2 N cm−1 and 8.5 ± 0.9 N cm−1 respect-
ively) values achieved with increasing tackifier loading up until
60 wt% tackifier, at which point a stick-slip behavior is
observed and testing had to be conducted at lower peel rates
(Fig. S13–S20). We hypothesize that this switch in failure mode
is due to more complete microphase separation of the PLLA

Fig. 5 (a) Storage (closed circles) and loss (open circles) moduli master curves of LTL (35k, 0.31) triblock-based PSA formulations at two tackifier
loadings, 0 wt% (pink) and 40 wt% (black). The reference temperature used to determine the shift factors was 20 °C. (b) Chang’s window analysis
showing the viscoelastic behavior of selected LTL (35k, 0.31) and LTL (17k, 0.35) PSA formulations at 100 rad s−1 and 0.01 rad s−1 from master curves
constructed with a reference temperature of 20 °C. Dashed lines separate the window into quadrants delineating appropriate applications based
upon PSA behavior during bonding and debonding.
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hard domains, consistent with the appearance of higher order
features in the SAXS patterns. A better developed microstruc-
ture provides more mechanically effective hard domains and
increases the cohesive strength of a PSA film.16 The superior
performance of the LTL (35k, 0.31) triblock sample at 40 wt%
tackifier, achieving an average peel force of 5.5 ± 0.9 N cm−1

and a loop tack value of 8.49 ± 0.9 N cm−1, makes this material
comparable to high-strength commercial PSAs such as duct
tape.

The shear resistance of the formulations was analyzed by
suspending a 0.25 kg weight from a 1.27 cm x 1.27 cm square
of PSA for 10 days (Fig. S23). Shear resistance testing (Table S6)
shows that at tackifier loadings of 20 wt% and lower, the high-

volume fraction triblock PSAs exhibit excellent longevity, with
no failure of three replicates over a 10-day period. At 40 wt%
tackifier the shear resistance decreased, with the LTL (17k,
0.35) sample failing after 111 ± 15 hours and the LTL (35k,
0.31) sample failing at 11 ± 6 hours. We attribute the decrease
in shear resistance to chain pullout of PTDL chain ends in the
diblock and homopolymer side products being accelerated by
the addition of tackifier increasing chain mobility. Migration
of tackifier to the hard domains could also compromise shear
resistance, but the constant Tg of the PLLA end blocks across
formulations does not support this mechanism. Similarly, the
lower volume fraction LTL based PSA formulations exhibited
poor shear resistance with cohesive failure of the PSA rapidly

Fig. 6 (a) Average peel force measurements of solvent-cast LTL triblock PSAs with the weight fraction of tackifier listed below each bar. (b) Average
loop tack force measurements of solvent cast LTL triblock PSAs. Solid bars represent adhesive failure between substrate and PSA while open bars
represent cohesive failure of the PSA. Error bars represent one standard deviation above and below the average. 60 wt% tackifier values not plotted
as they required a lower displacement rate to avoid stick-slip behavior. Commercial product properties from reference Kim et al.15
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upon addition of the static load. We attribute this to the poor
microphase separation and low elasticity of the samples, as
shown in the SAXS data and demonstrated by the peel and
loop tack tests (Table S6).

Conclusions

In this work we demonstrated that long aliphatic chain con-
taining β-lactones are a promising material for PSA develop-
ment. TDL was successfully prepared via epoxide carbonyla-
tion and polymerized in a single-pot synthesis to produce
PLLA end-block-containing triblock polymers. High PLLA
volume fraction LTL triblock polymers ( fPLLA = 0.31–0.35)
were effective as the polymer component of PSA formulations
employing a rosin ester tackifier. These materials showed
excellent peel and loop tack performance consistent with
commercial PSAs. The shear resistance of the formulations at
lower tackifier loadings were good with a decrease in per-
formance when 40 wt% tackifier was added. We attribute this
to increased chain mobility in the midblock from the
additional tackifier leading to failure by chain pullout. The
PTDL midblocks displayed side-chain crystallinity with a
melting temperature of −26 °C which was suppressed by the
addition of tackifier allowing for a wide range of usage temp-
eratures. Future work in this area should focus on increasing
the molar mass of the poly(β-tridecalactone) midblock to
achieve larger overall molar masses and more effective PLLA
end blocks. Degradation studies of these materials should
also be conducted to demonstrate their utility as bio-
degradable adhesives and alternative tackifiers explored, as
the Sylvalite RE 80HP used here has shown limited hydrolytic
degradability.16 These materials have the potential to be com-
mercially sourced from plant oils, and we have highlighted
that they have commercially competitive properties which
warrants further research.
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