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ABSTRACT: Presented is the synthesis of cyclic polyacetylenes
from alkynes and a study probing the functional group tolerance of
catalyst 1. The synthesized polymers were characterized by
employing GPC, NMR, and IR spectroscopy. The cyclic
polyacetylenes spontaneously degrade, leading to the formation
of lower molecular weight linear analogues. The degradation rate
varied significantly based on the monomer substituents. These
discoveries collectively reveal the functional group limits of catalyst
1 and the subsequent stability of the synthesized polymers, thus
opening new avenues for advanced polymer design and
applications.

■ INTRODUCTION
Energy storage,1 sensors,2 organic solar cells,3,4 and organic
field e�ect transistors5 are all applications that utilize
conjugated polymers. These applications take advantage of
the unique electronic structure of extended π-conjugation.6 In
particular, substituted polyacetylenes are soluble analogues
with interesting properties such as electrical conductivity and
photoconductivity.7−14 Additionally, the secondary structure of
these macromolecules o�ers opportunities to expand their
application space.15 For example, enantiomer resolution16−19

and chiral sensing20,21 are two applications that take advantage
of the helical nature of poly(phenylacetylene)s. Important for
these applications, the properties of substituted polyacetylenes
change by choice of alkyne monomer, and the resulting
polymers are typically soluble, easily processed, and flexible.22
Cyclic polymers are topological isomers with no chain ends

that exhibit di�erent solution-state (radius of gyration,23−25

intrinsic viscosity26,27) and solid-state (glass transition temper-
ature28,29) properties than their linear analogues. Two general
approaches to synthesize cyclic polymers include ring
expansion of a metallacycle or monomer and ring closure of
a linear polymeric precursor. The high dilution typically
required to suppress bimolecular side reactions during ring
closure generally prevents large-scale production of cyclic
polymers via this method.30 Moreover, ring expansion
methodologies can yield much larger cyclic polymers (Mn =
100−1000 kDa) than ring closure.31,32
Catalyst 1 polymerizes alkynes to produce substituted cyclic

polyacetylenes via ring expansion polymerization (REP)
according to Figure 1.33 It is now possible to examine the
influence of a cyclic topology on all the interesting properties
of substituted polyacetylenes. However, the monomer scope
explored thus far is somewhat limited.30,34−37 In this work,

catalyst 1 is tested for functional group tolerance and activity
with a series of aliphatic and aromatic alkynes. The results
indicate catalyst 1 is relatively functional-group-tolerant and
successfully polymerizes a wide variety of electron-rich and
electron-poor alkynes. Upon exposure to oxygen, the resulting
polymers rapidly degrade into linear polymers in solution and
demonstrate a dramatic functional group dependence on the
rate of oxidative degradation.

■ RESULTS AND DISCUSSION
Polymerization initiates by combining a stock solution of 1
into a solution containing alkyne monomer under an inert
atmosphere. The polymerization results in an immediate
increase in viscosity and a concurrent color change. Upon
precipitating the resultant cyclic polyacetylenes in degassed
methanol and removing all volatiles under vacuum, a
consistent high yield of these cyclic polyacetylenes can be
achieved, typically exceeding 95%. Using gel permeation
chromatography (GPC) with dimethylacetamide (DMAc)
containing 50 mM LiCl as the eluent at 50 °C and static
light scattering detection (Figures S1−S10), the absolute
molecular weights of the synthesized polymers were
determined. Alternatively, GPC was performed using THF as
the eluent at 30 °C using static light scattering detection.
Figure 1 depicts the outcome of the polymerizations and lists
the various polymers synthesized in the study.
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The results indicate catalyst 1 is not sensitive to the
electronics of the alkyne. Phenylacetylene derivatives that bear
electron-donating (NMe2 and OMe) and electron-withdrawing
(CF3 and COOMe) groups in the para-position result in
excellent yields and produce polymers with high molecular
weights, consistently above 100 kg/mol. This aspect holds
significance since other catalysts and polymerization methods
are sensitive to the electronics of the monomers, requiring
catalyst-monomer matching. It is important to note that due to
its exceedingly rapid degradation upon dissolution in DMAc,
the molecular weight of cyclic poly(4-ethynyl-N,N-dimethyla-
niline) (cPPA-NMe2) could not be determined.
Early transition metals,38−40 particularly tungsten,41−43

exhibit a notable a�nity for oxygen (oxophilicity), so
oxygen-containing alkyne monomers are challenging to
polymerize. However, catalyst 1 successfully polymerizes the
ester group-containing monomer methyl 4-ethynylbenzoate.
Unfortunately, monomers such as propargyl acetate and ethyl
propiolate, where the ester group is closer to the alkyne, did
not polymerize. When the ester group is in proximity to the
alkyne (as observed with propargyl acetate), it is possible that
coordination occurs, impeding subsequent monomer addition.
For methyl 4-ethynylbenzoate, the ester group remains distant
from the active center during the polymerization. Monomers
containing carbonyl groups are particularly poor substrates, but
oxygen-containing phenyl propargyl ether and 2-ethynylani-
sole, where the ethers are near the alkyne, yield polymers with
high molecular weights (Mn = 115k and 252k g/mol,

respectively). Interestingly, 1-ethynyl-cyclohexene polymerizes
without a�ecting the double bond, showcasing the remarkable
selectivity of catalyst 1 in alkyne polymerization. 1H NMR, 13C
NMR, and IR spectroscopy corroborate the structural
characterization of all synthesized polyacetylenes (Figures
S11−S40).
Even sterically hindered alkynes such as octadecyne and

(but-3-yn-1-yloxy)(tert-butyl)dimethylsilane polymerize using
catalyst 1. The resultant polymer from octadecyne has a high
molecular weight (>1000k g/mol) and lengthy side chains. As
expected, monomers containing nucleophilic groups and
relatively acidic protons, including propargyl alcohol and 4-
ethynylaniline, do not polymerize. Monomers such as 4-
ethynylbenzaldehyde, 4-(ethynylphenyl)ethenone, and 4-ethy-
nylbenzoic acid did not polymerize either. Once again, the
common factor among these nonpolymerizing monomers is
the presence of a carbonyl functionality. This observation
aligns with the anticipated oxophilicity of tungsten, which
likely engenders coordination that obstructs initial or
subsequent monomer coordination or complete O atom
transfer to tungsten.41−44

Catalyst 1 polymerizes 3-ethynylthiophene to yield poly(3-
ethynylthiophene) with a high molecular weight (Mn = 94k g/
mol) and yield (94%). Nevertheless, polymerizing alkynes
containing other heteroatoms capable of coordinating was not
successful. For example, catalyst 1 does not polymerize 2-
ethynylpyridine, even at a catalyst loading of 1:50. Again,
coordination of pyridine to the tungsten center likely hinders

Figure 1. Catalyst 1 polymerization results with various alkynes. All polymers are drawn in the trans configuration for simplicity. Absolute
molecular weight (g/mol) measured using GPC (DMAc, 50 °C, 50 mM LiCl) with a static light scattering detector (All molecular weights were
measured using this system unless otherwise mentioned). aAbsolute molecular weight measured using GPC (THF, 30 °C) with a static light
scattering detector.
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the polymerization. Attributable to coordination of nitrile and
nitro groups to the metal center, catalyst 1 does not polymerize
4-ethynylbenzonitrile or 4-ethynylnitrobenzene. With a
comprehensive understanding of the catalyst functional group
tolerance achieved, the focus shifted to investigating the
stereochemistry of the synthesized polymers.
Integrating the cis-alkene proton relative to the trans-alkene

proton combined with the area of the underlying aromatic
protons provides an approximate cis content for cyclic
poly(phenylacetylene) (cPPA) by 1H NMR spectroscopy.45
Corroborating the NMR value is possible by examining the
ratio of the absorptions at 760 and 740 cm−1 in the IR
spectrum of cPPA.46 Both 1H NMR and IR spectroscopy
indicate cPPA synthesized with 1 contains a high percentage
(∼90%) of cis-double bonds (Figures S20 and S31). Poly(2-
ethynylanisole) and poly(methyl 4-ethynylbenzoate) also have
a high percentage of cis-double bonds (73 and 81%,
respectively).45 Unfortunately, the cis-content of polyacety-
lenes bearing alkyl substituents cannot be assessed using these
methods. Next, the focus switched to determining the solution
state stability of the synthesized polymers.
In a previous study, cyclic poly(4-methylpentyne) produced

using catalyst 1 decomposed in the solid state upon extended
exposure to air (18 h). However, the molecular weight and
topology before and after were not analyzed.30 When dissolved
in DMAc (containing 50 mM LiCl), a common GPC eluent,
all synthesized polyacetylenes spontaneously degrade at room
temperature. Decomposition in a GPC solvent such as DMAc

has significant implications for characterizing polymers
synthesized using catalyst 1, as cleavage of the cyclic polymer
backbone leads to formation of lower molecular weight linear
polymers. GPC instruments often have sample queues,
potentially leading to degradation before analysis. To mitigate
this concern, GPC analyses were performed immediately upon
dissolution to minimize degradation.
Dissolving cPPA in solution initially reveals a narrow

dispersity (Đ = 1.3) and high molecular weight (Mn = 180k
g/mol). Reanalyzing the same sample 24 h later indicates a
decrease in the Mn to 10k g/mol and an increase in dispersity
to Đ = 2.4, unambiguously confirming polymer degradation.
All the polymers degrade, with some experiencing an order of
magnitude reduction in molecular weight in just 1 d (Figure
2).
Interestingly, cyclic poly(4-ethynylphenylboronic acid pina-

colester) (cPPA-BPin) exhibits significantly suppressed degra-
dation rates compared to other polymers.47 The presence of
the electron-withdrawing boronate ester clearly suppresses
degradation. Conversely, cPPA-NMe2 degrades rapidly, im-
peding accurate molecular weight assessment as it degrades
prior to reaching the GPC detector (15 min). The tertiary
amine within the polymer expedites degradation (Figure 3).
Comparatively, cyclic poly(4-ethynylanisole), a poorer electron
donor, correspondingly degrades more slowly than cPPA-
NMe2, suggesting the donating capacity of the substituent
accelerates the degradation rather than its Lewis base nature.
Dissolving cyclic poly(phenylacetylene) in DMAc containing

Figure 2. GPC chromatograms before (black) and after (red) dissolving the polymer in DMAc solvent for 1 d. Absolute number-average molecular
weight was measured using GPC (DMAc, 50 °C, 50 mM LiCl) equipped with a static light scattering detector.
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one equiv of N,N-dimethylaniline or phenylboronic acid
pinacol ester does not change the degradation rate (Figure
S45), further confirming the Lewis acidity/basicity of the
functional group is not responsible for altering the degradation
rate di�erence between cPPA-NMe2, cPPA-BPin, and cPPA.
Presumably, backbone cleavage of a cyclic polymer results in

a linear polymer, as illustrated in Figure 2. Linear polymers
elute faster during GPC due to their larger hydrodynamic
volume in solution compared to cyclic polymers of the same
molecular weight.48,49 Figure 4 depicts the log(molar mass)

versus retention time of the same cyclic poly(1-ethynyl-4-
(trifluoromethyl)benzene (cPPA-CF3) before and after degra-
dation. The discernible shift in retention times at a given
molecular weight before and after degradation corresponds to
cyclic to linear polymer conversion. Furthermore, degradation
leads to an increase in the root-mean-square radii of gyration of
cPPA-CF3 at the same molecular weight, consistent with a shift
from cyclic to linear topology (Figure S50).50−52 The change
in hydrodynamic volume upon degradation is consistent across
other polymers (Figures S51 and S52).
Cyclization53−55 and oxidation56,57 are two proposed

mechanisms for the degradation of polyacetylenes. Monitoring

the degradation of cPPA-NMe2 using 1H NMR spectroscopy
(CDCl3) and analyzing the subsequent polymer residues with
IR spectroscopy provide insight into the mechanism. Notably,
the formation of heptatriene and 1,3,5-benzene derivatives,
consistent with electrocyclization-driven degradation, was
conspicuously absent (Figure S54). Instead, the emergence
of a singlet at 9.85 ppm (Figure S55), in line with aldehyde end
group formation, unequivocally points to degradation occur-
ring through the well-established56 oxidative mechanism.
Furthermore, an IR spectrum of the polymer residue obtained
from evaporating the NMR solvent unveiled a carbonyl
absorption at 1723 cm−1, corroborating the signature of
oxidative degradation as depicted in Figure 5.56 Oxidative
degradation of phenylacetylenes occurs in a wide range of
solvents including toluene, THF, CHCl3, and now DMAc.

56

During the oxidative degradation of cPPA-NMe2 a color
change from orange to green was observed. Monitoring the
reaction via 1H NMR spectroscopy (see Figure S54) reveals
that the intensity of the resonance corresponding to the cis-
backbone proton at 5.82 ppm decreases over the course of
oxidative degradation, suggesting isomerization is occur-
ring.46,58 This raises the question of whether the color change
is due to degradation or isomerization? To determine the
origin of the color change cPPA-NMe2 was dissolved in
anhydrous and air-free CDCl3 in a sealable NMR tube. Again,
the intensity of the resonance at 5.82 ppm decreased over time,
but no products associated with degradation (cyclization or
oxidation) were observed (Figures S56 and S57). Thus, the cis-
to-trans isomerization of the backbone is responsible for the
color change.

■ CONCLUSIONS
A variety of aliphatic and aromatic alkynes were screened for
reactivity with catalyst 1, and the solution state stability of the
synthesized polymers was examined. Tolerated monomers

Figure 3. Normalized molecular weight loss over time upon
dissolution in DMAc. Relative molecular weights were obtained
using GPC (DMAc, 50 °C, 50 mM LiCl) against a calibration curve
of PMMA standards.

Figure 4. Log(molar mass) versus retention time plot for cPPA-CF3
before (black) and after (red) dissolution in DMAc for 1 d measured
using GPC (DMAc, 50 °C, 50 mM LiCl).

Figure 5. IR spectrum of cPPA-NMe2 before and after degradation in
CDCl3. The observation of carbonyl absorptions in the spectrum
indicates an oxidative degradation mechanism.
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include aromatic alkynes, bearing both electron-donating and
withdrawing groups, and aliphatic alkynes, including sterically
hindered alkynes such as octadecyne. In contrast, monomers
bearing strongly coordinating groups (pyridyl), acidic protons,
and carbonyl functionalities did not polymerize. High yields
(>95%) and high molecular weight (>100k g/mol) polymers
form from monomers successfully polymerized by 1.
Collectively, these discoveries improve our understanding of
the substrate scope of catalyst 1 and help facilitate monomer
design, thus ensuring successful polymerization.
The synthesized polyacetylenes spontaneously degrade into

lower molecular weight linear polymers upon dissolution in
DMAc. Ironically, this suggests cyclic polymers can act as
precursors to previously inaccessible linear polymers. For
example, degrading cyclic poly((but-3-yn-1-yloxy)(tert-butyl)-
dimethylsilane) provides the previously inaccessible linear
derivative. The rate of degradation was significantly impacted
by the identity of the substituent, where electron-withdrawing
groups (Bpin) retard degradation and electron-donating
groups (NMe2) accelerate the degradation. The substituent
e�ects are consistent with the proposed oxidative degradation.
Strongly donating substituents raise the energy of the highest
occupied molecular orbitals (HOMO). In the case of
polyacetylenes the HOMO is the π-conjugated double
bonds. Thus, raising the energy level of the conjugated double
bonds facilitates reaction with oxygen leading to faster rates of
degradation. The opposite is true for electron-withdrawing
substituents, as observed in the case of cPPA-BPin. The
di�erence in degradation rates suggests intriguing avenues for
tailoring polymer stability. For example, it is reasonable to
assume that a copolymer containing both PA-Bpin and
phenylacetylene would undergo oxidative degradation much
slower than a phenylacetylene homopolymer.
Finally, evidence of end-group carbonyls indicates oxidation

is the active mechanism of degradation. A thorough under-
standing of this phenomenon greatly increases the reproduci-
bility of polymer characterization going forward, allowing the
user to minimize and/or prevent degradation prior to
characterization. Discovered in this work, the stark contrast
between the stability of polymers containing electron
donating/withdrawing groups indicates future applications
where users can tailor polymer stability. Insight into the
oxidative degradation now enables the synthesis of both linear
and cyclic polymers using catalyst 1.
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