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Understanding structure–property relationships of
main chain cyclopropane in linear polyesters†
Connor J. Stubbs and Andrew P. Dove *

Rigid ring structures have gained increasing interest in the polymer materials community as an e�ective
means to manipulate bulk properties. Despite this, little work has focussed on the smallest ring: cyclopro-
pane. Herein, we report a polymerisation that enables incorporation of stereopure cis and trans 1,2-cyclo-
propanedimethanol through the thiol-Michael “click” reaction between dithiol and diacrylate monomers.
Polyesters containing a cyclopropane backbone were found to be amorphous, whilst comparable poly-
mers with a 1,4-butanediol backbone were semi-crystalline. By copolymerising cyclopropane monomers
at varying ratios with 1,4-butanediol monomers, the crystalinity of the resulting polymer could be e�ec-
tively tuned. Successfully adjusting the resulting crystallinity resulted in control over the ultimate tensile
strength (UTS) and the Young’s modulus (E) of the material. Generally, it was found that increasing cyclo-
propane content led to a decreased UTS and E as a result of lower polymer crystalinity. E�ects of cyclo-
propane stereochemistry on thermomechanical properties were found to be minimal at low cyclopropane
backbone ratios.

Introduction
Conformationally-locked ring structures have recently garnered
considerable attention in the design of new thermoplastic
materials.1–3 This derives from the ability to manipulate and
predict bulk properties from their incorporation into linear
polymer systems. Typically, property manipulation is achieved
by altering functionalities within a polymer, which can require
synthetically demanding steps. Conformationally locked rings
o�er simple and convenient control of bulk properties in
linear polymers. Hence, continual understanding into the
influence of rigid ring structures on the thermomechanical
properties of the resultant polymers is vital to designing the
next generation of high-performance materials.

Oil-sourced cyclohexylene rings have been extensively inves-
tigated in various thermoplastic systems, including polyesters,
polyamides and polycarbonates.3–6 By incorporating and con-
trolling the ratios of cyclohexane units in polymers, numerous
bulk properties can be manipulated. For example, the ratio of
1,4-cyclohexanedimethanol in polymer materials has been
reported to impact bulk properties such as glass transition
temperature (Tg), bulk crystallinity, tensile strength and gas
permeability.7–9 More recently bio-based bicyclic diols have
gained significant attention in thermoplastic polymers.10–13

Wang and co-workers reported that incorporation of isosor-
bide, a simple isohexide unit, in polyesters led to a higher Tg

and lower polymer crystallinity.14 Increasing isosorbide
content also correlated with the speed at which hydrolytic
degradation occurred.15

An additional structural feature to these ring systems is
stereochemistry. Most rigid rings, including isohexides and
cyclohexylenes, are geometrically locked which gives rise to
multiple stereoisomers. There has been a recent surge in inter-
est in leveraging stereochemistry in linear polymers to alter
bulk properties.16 The stereochemical contribution of isohex-
ides and cyclohexylene in polymer backbones has already been
briefly investigated.8,17 Nevertheless, further investigation in
the influence of stereochemistry on the physical and mechani-
cal properties of the resultant materials remains a requirement
for future polymer systems containing ring structures.

Despite the recent attention into cyclic structures in
polymer materials, there lacks considerable investigation into
the smallest cycle, cyclopropane. Previous works have focussed
on cyclopropane within the polymer side chains.18 This is typi-
cally achieved via post-polymerisation modification of unsatu-
rated polymers with diazo species.19 Mecking and co-workers
have demonstrated that an increase in the side chain cyclopro-
pane content within polybutadiene led to a higher Tg and a
decrease in bulk crystallinity.20 Whilst this e�ectively manipu-
lated thermal properties, the focus was on side chain function-
ality. As a result of this, the architectural and stereochemical
influence that could have resulted from main chain cyclopro-
pane was not examined.

†Electronic supplementary information (ESI) available: NMR spectra and ther-
momechanical characterisation data included. See DOI: 10.1039/d0py01004a
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Few studies have focussed on cyclopropane in the main
chain of the polymer. One notable example from Takao and
co-workers demonstrated the synthesis of a range of polyesters,
polyamides and polyurethanes containing cyclopropane in the
main chain.21 Di-functional 1,2-cyclopropanes were syn-
thesised and subsequently polymerised; initial observations
suggested that these polymers could be compressed into free-
standing films. However, no further analysis was carried out.
An extensive study into cyclopropane-containing polymers is
needed to further our understanding of the 3-membered
structure.

Herein, we present a study into the thermomechanical pro-
perties of polyesters containing main chain cyclopropane.
Polymers are synthesised in step-growth fashion using mild
thiol-Michael addition between multiple dithiols and cyclopro-
pane diacrylate monomers. The e�ect of stereochemistry in
the chain is also investigated.

Results and discussion
In order to fully understand how cyclopropane units in the
polymer main chain a�ects bulk properties, both cis and trans
stereoisomers need to be examined independently to elucidate
the stereochemical contribution. Stereopure cis and trans 1,2-
cyclopropane were obtained from established literature pro-
cedures (Fig. S1†).22 The diols were functionalised with acry-
loyl chloride to a�ord diacrylate-containing monomers: Cy
(trans) and Cy(cis) (Fig. S1†). An additional commercially avail-
able diacrylate monomer, 1,4-butanedioldiacrylate (BD), was
also used to serve as a linear comparison to the cyclopropane-
containing polymers. Nucleophilic thiol-Michael addition was
selected because the mild and e�cient conditions can a�ord
high molecular weight polymers without causing isomerisa-
tion or other potential side reactions.23,24 A range of polyesters
were synthesised from the diacrylate monomers through a
phosphine catalysed polyaddition with commercially available
dithiols (Scheme 1, Table 1).

Initial polymerisations used 1,6-hexanedithiol (HDT) with
the three diacrylate monomers (BD, Cy(cis) and Cy(trans)) to
produce comparable homopolymers. Relatively high molecular

weights were achieved (35 kDa < Mw) that possessed modest
dispersities (4.5 > �M, Table 1). 1H NMR spectroscopy con-
firmed the reaction conditions had not impacted the stereo-
chemistry or cyclopropane structure of the resulting polymers
(Fig. 1a). Most noticeably, the polymers displayed vastly
di�erent physical appearances. Both cyclopropane polyesters
(Cy(trans)-co-HDT and Cy(cis)-co-HDT) were translucent and
possessed a tacky consistency, even after aging for multiple

Scheme 1 General scheme for linear polyesters synthesised from
phosphine-catalysed thiol-Michael addition of diacrylate and dithiol
monomers.

Table 1 Characterisation of linear polyesters

Mw
a

(kDa) �M
a

Tg
b

(°C)
�Hm

b

(J g�1)
Td, 5%

c

(°C)

Cy(trans)-co-HDT 38.0 4.30 �52 — 276
Cy(cis)-co-HDT 37.4 4.08 �47 — 293
BD-co-HDT 52.7 3.13 �66 �64.0 315
Cy(trans)-co-BDT 23.5 6.58 �17 — 256
BD-co-BDT 22.0 7.78 �27 �58.7 273

a Mw and �M were determined by size exclusion chromatography (THF,
2% v/v NEt3) analysis against polystyrene (PS) standards. b Glass tran-
sition temperature obtained from second heating scan. Total enthalpy
of melting calculated from integration of all melt transitions.
c Temperature after 5% weight loss obtained from thermogravimetric
analysis.

Fig. 1 (a) 1H NMR spectra of polymers synthesised using HDT in CDCl3
(400 MHz, 298 K) (b) normalised DSC thermograms of polymers syn-
thesised using HDT at a heating and cooling rate of 10 K min�1 (solid line
= heating run, dashed line = cooling run).
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months at benchtop conditions. Whilst the linear control (BD-
co-HDT) was an opaque white solid. This observation indicated
that the cyclopropane structure had significantly impacted
bulk properties: crystallinity in particular.

To quantify the thermal properties and gain insight into
the crystallinity, di�erential scanning calorimetry (DSC) was
performed (Fig. 1b). The Tgs of all the polymers were well
below ambient temperature (�66 to �47 °C). There was a small
deviation in the Tg observed between the cis and trans cyclo-
propane polyesters, where Cy(cis)-co-HDT had a Tg 5 °C higher
than Cy(trans)-co-HDT. This could be ascribed to a higher free
volume in Cy(trans)-co-HDT caused by the trans isomer.
Copolymer BD-co-HDT had the lowest Tg which is attributed to
more e�cient chain packing of the butyl-group in comparison
to the cyclopropane ring. However, the most striking obser-
vation from the DSC thermograms was the lack of melt tran-
sitions (Tm). Both cyclopropane-containing polyesters lacked a
melt transition, while BD-co-HDT possessed a sharp melting
peak at 52 °C. This indicates that the cyclopropane polymers
are amorphous whereas BD-co-HDT is crystalline, which is in
agreement with the observed physical di�erences. It was clear
that the irregularity of the cyclopropane structure had inhib-
ited chain alignment and, therefore, negated any possible crys-
tallisation that would have otherwise occurred. Consequently,
the polymers produced were excessively tacky and unable to
produce free-standing films.

In attempts to produce a polymer suitable for heat-pressing
and forming a stable film, a rigid aromatic dithiol was used as
comonomer. 1,4-Benzenedimethanethiol (BDT) was reacted
with the diacrylate monomers, Cy(trans) and BD. The poly-
merisation produced polyesters of a notably lower Mw and
higher �M than the previously synthesised polymers. A similar
physical di�erence was observed in this aromatic system in
comparison to the HDT polymers: Cy(trans)-co-BDT produces a
tacky texture whilst BD-co-BDT system produces an opaque
white solid (Fig. 2a). It was observed that the BD-co-BDT visibly
changed over the course of �12 h at room temperature after
melting which was hypothesised to be slow crystallisation. In
e�orts to produce comparable data, both polymers were
melted until liquid-like flow was achieved (�100 °C) then
cooled to room temperature (22 °C) and annealed in a thermo-
stated incubator at 22 °C for 48 h. DSC was then performed on
the annealed polymers to elucidate the thermal properties
(Fig. 2b).

Both Cy(trans)-co-BDT and BD-co-BDT polymers possessed a
higher Tg (�17 and �27 °C respectively) than the previous HDT
system, which was expected as a consequence of increased pla-
narity and rigidity. It was also evident that Cy(trans)-co-BDT
had a higher Tg than BD-co-BDT resulting from the increased
rigidity of the cyclopropane ring. The physical appearances of
these polymers were further corroborated by the DSC thermo-
grams. BD-co-BDT possessed multiple melt transitions which
indicates that the material has multiple crystalline domains.25

Interestingly there was also an absence of a crystallisation peak
(Tc) in BD-co-BDT, which we attributed to ine�cient crystallisa-
tion under cooling run conditions. This corroborates the slow

physical change to a white solid observed after melting. In con-
trast, the Cy(trans)-co-BDT does not display a Tm peak, indica-
tive of an amorphous polymer. Despite the higher chain order-
ing promoted by BDT’s planarity, Cy(trans)-co-BDT was unable
to produce a free-standing film. This has further demonstrated
the lack of chain-packing, and subsequent crystallisation in
polymers that contain the cyclopropane structure. We postu-
late that the geometry of 1,2-cyclopropanes can prevent
packing in two ways: (i) the rigidity of the ring prevents the
rotation and flexibility that aids chain packing and (ii) the 1,2-
substitution of the rigid cyclopropane geometry induces a
“kink” in the linear chain that further disadvantages facile
chain packing and hence crystallisation.

In order to create cyclopropane-containing polymers that
could be processed into a flexible free-standing film, we lever-
aged the e�cient thiol–ene polyaddition to introduce cyclopro-
pane units into BD-containing copolymers. By polymerising
BD and Cy monomers with HDT, random copolymers could be
accessed. Additionally, this method allowed total control over
the backbone content through varying monomer ratios within
the feedstock (Scheme 2).

The three copolymerised polyesters were of comparable Mw

(63.5 to 91.8 kDa) and �M (4.28 to 4.62, Table 2). 1H NMR spec-
troscopic analysis indicated that the initial feed ratio of the
monomers had been successfully translated into the resulting
polymers (ESI†). By keeping the cyclopropane content in the
polymer low (<30%), the polymers could be heat-pressed to
produce non-tacky free-standing films. It was noted that some

Fig. 2 (a) Polyester architecture with variable structure from diacrylate
monomer with BDT. Image of annealed polyesters illustrating di�er-
ences in physical appearance (b) normalised DSC thermograms of
2 day-annealed polymers made using BDT at a heating and cooling rate
of 10 K min�1 (solid line = heating run, dashed line = cooling run).
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of the films visibly became more opaque and sti�er at room
temperature (22 °C) a few hours after heat-pressing; particu-
larly polymers containing cyclopropane. This was attributed to
slow crystallisation. Therefore, to ensure the polymers had
reached thermal equilibrium and were comparable, they were
heat-pressed and annealed for 2 days at 22 °C in a thermo-
stated incubator. These samples were then characterised by
uniaxial tensile testing until breakage (Fig. 3).

The newly synthesised random co-polymers were compared
alongside BD-co-HDT to assess the impact cyclopropane had
on tensile properties. All the samples displayed tensile curves
that are consistent with a tough thermoplastic and possessed a
similar strain at break (Table S1†). All samples also displayed
periodic drops in stress which was most apparent in BD-co-
HDT. This is characteristic of stress-oscillation behaviour
observed in numerous polymer systems, however origins of
this phenomenon are often disputed.26,27 A possible expla-
nation is the formation of “voids” in the amorphous regions
during elongation which leads to a stress drop and the re-
orientation of polymer crystallites leading to a stress
increase.28 Remarkably, this behaviour was considerably
reduced in samples containing cyclopropane. This is attribu-
ted to a reduction in chain packing caused by the cyclopro-
pane geometry, and subsequent impact on the size and
spacing between the crystallites which are typically responsible
for stress-oscillation behaviour.

BD-co-HDT displayed the highest strength at break (UTS)
and Young’s Modulus (E). Upon incorporation of either cyclo-
propane isomer: the tensile strength and Young’s modulus
slightly decreased. Reduction of strength and sti�ness is
expected as a result of cyclopropane inhibiting chain crystalli-
sation which ultimately leads to a weaker material.
Interestingly, there appeared to be negligible tensile di�erence
between the cis and trans cyclopropane isomers at 10% back-
bone content (Table S1†). Whilst this is a contrast to several
previously reported cis/trans polymer systems, the low cyclopro-
pane content within this system could inhibit the influence of
stereochemistry.29,30 Further increase of the trans-cyclopropane
content to 25% led to a more flexible and weaker material.
BD75Cy(trans)25-co-HDT possessed an average Young’s
modulus of 60 MPa in comparison to BD-co-HDT which was
105 MPa. A similar reduction in UTS was also observed
between these two polymers (19.2 MPa from 29.7 MPa). This
clear manipulation of tensile properties as a result of cyclopro-
pane indicates that e�orts to control polymer crystallinity were
successful.

To quantify the impact of cyclopropane incorporation on
polymer crystallinity in these random co-polymers, DSC ana-
lysis was performed (Fig. 4a). Incorporation of cyclopropane
led to slight increases in the co-polymer Tg (Table 2). Unlike Cy
(trans)-co-HDT and Cy(cis)-co-BDT, the butyl/cyclopropane
random co-polymers all possessed a Tm and a Tc intuitive of a
semi-crystalline material. This indicates that the large BD
content was able to drive chain crystallisation within the
polymer material. To quantify the extent of crystallinity, the
melt transitions were normalised and integrated to obtain the
total enthalpy of melting (�Hm). A higher value for �Hm indi-
cates more extensive polymer crystallinity. As hypothesised,
increasing the content of cyclopropane led to a lower �Hm

indicating a loss of crystallinity. The other striking observation
of these DSC thermograms is the shift seen in the Tc to lower
temperatures with an increasing cyclopropane content. Both of

Scheme 2 Scheme illustrating the co-polymerisation of cyclopropane
diacrylates and 1,4-butanediol diacrylate (BD) with 1,6-hexanedithiol
(HDT) to create random co-polymers.

Table 2 Characterisation table of random copolymers containing
cyclopropane

Mw
a (kDa) �M

a Tg
b (°C) Td, 5%

c (°C)

BD90Cy(trans)10-co-HDT 63.5 4.28 �64 315
BD90Cy(cis)10-co-HDT 76.9 4.62 �63 314
BD75Cy(trans)25-co-HDT 91.8 4.54 �62 313

a Mw and �M were determined by size exclusion chromatography (THF,
2% v/v NEt3) analysis against polystyrene (PS) standards. b Glass tran-
sition temperature obtained from second heating scan. c Temperature
after 5% weight loss obtained from thermogravimetric analysis.

Fig. 3 Representative stress vs. strain curves of the random copolymers
Inset data between 0 and 20% strain illustrating the di�erence in
Young’s modulus.
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these observations corroborate the amorphous nature of the
cyclopropane structure and its ability to impede crystallinity
when implemented into highly ordered polymers. This loss in
crystallinity could be directly correlated with strength and
Young’s modulus of the resulting copolymer (Fig. 4b). Thus,
the tensile properties of the polymers can not only be modu-
lated but can be predicted from the thermal transitions.

There were minimal di�erences in Tg, Tm and �Hm between
the cis and trans stereochemistry at 10% backbone content
(Table S1†). This was expected given the comparable tensile
properties of BD90Cy(trans)10-co-HDT and BD90Cy(cis)10-co-
HDT. However, previous investigations report that changing
the cis/trans content of linear polymers led to a control of bulk
crystallinity, and hence, tensile properties could be tuned.29,31

The lack of crystallinity in the initial cyclopropane-containing
polymers demonstrates that neither stereochemistry promotes
crystallisation. Therefore, we observe minimal di�erences in
tensile properties between the cis and trans stereochemistry in

this cyclopropane system. It was clear that controlling the
content of either cyclopropane isomer in a polymer backbone
led to manipulation of thermomechanical properties. Future
investigation is required to understand the full extent main
chain cyclopropane has on further bulk properties.

Conclusion
A polymer system has been designed to incorporate both
isomers of 1,2-cyclopropane into the main chain of a polyester
using nucleophilic thiol–ene addition chemistry. Cyclopropane
backbones were found to be unusually amorphous. However,
used as a comonomer, cyclopropane could e�ectively manip-
ulate polymer crystallinity. Through the control of polymer
crystallinity, it was demonstrated that Young’s modulus and
UTS could be decreased by �40% with as little as 25% cyclo-
propane content. This demonstrates an e�ective and simple
means to control polymer crystallinity. Typically, elucidation
and design of polymers with specific properties is a laborious
experimental task. But through detailed understanding of
structure–property relationships, design of polymers that
satisfy diverse applications can be straightforward. Further
study into cyclopropanes in polymers and networks are still
required to understand its future potential in the synthesis of
high-performance materials.

Experimental
Materials

1,6-Hexanedithiol was distilled under vacuum before use and
stored under N2 in a Schlenk-flask. All other chemicals were
used as received.

Measurements

All NMR experiments were performed at 298 K on a Bruker
DPX-400 NMR instrument equipped operating at 400 MHz for
1H (100.57 MHz for 13C). 1H NMR spectra are referenced to
residual proton solvent (� 7.26 for CDCl3 � 2.50 for DMSO) and
13C NMR spectra are referenced to the solvent signal (� 77.2 for
CDCl3 � 39.52 for DMSO). The resonance multiplicities are
described as s (singlet), d (doublet), t (triplet), q (quartet) or m
(multiplet).

Mass spectrometry was performed by University of
Birmingham school of Chemistry on a Waters GCT Premier for
compounds 2 and 3. Mass spectrometry was performed on
compounds 4 and 5 using Waters Xevo G2-XS QTof.

Size Exclusion Chromatography (SEC) in THF was per-
formed on a system composed of an Agilent 1260 Infinity II LC
system equipped with an Agilent guard column (PLGel 5 �M,
50 × 7.5 mm) and two Agilent Mixed-C columns (PLGel 5 �M,
300 × 7.5 mm). The mobile phase used was THF (HPLC grade)
containing 2% v/v NEt3 at 40 °C at flow rate of 1.0 mL min�1

(polystyrene (PS) standards used for calibration). Number
average molecular weights (Mn), weight average molecular

Fig. 4 (a) Normalised DSC thermograms of 2 day annealed polymers
synthesised using di�erent feed ratios of trans-cyclopropane Cy(trans) at
a heating and cooling rate of 10 K min�1 (solid line = heating run, dashed
line = cooling run). (b) Bar chart of Young’s modulus (E), ultimate tensile
strength (UTS) and Enthalpy of Melting vs. trans-cyclopropane content (%)
in polyester backbone.
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