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ABSTRACT: A series of isotactic, semicrystalline vinyl ether copolymers (up
to 94% meso diads) were synthesized using a chiral BINOL-based phosphoric
acid in combination with a titanium Lewis acid. This stereoselective cationic
polymerization enabled the systematic tuning of both glass transition (Tg) and
melting temperature (Tm) in copolymers derived from alkyl vinyl ethers (i.e.,
ethyl, butyl, isobutyl). Additionally, a vinyl ether comonomer bearing an acyl-
protected alcohol was utilized as a platform for postfunctionalization.
Copolymers containing the masked alcohols were shown to undergo
deprotection and subsequent coupling with a desired acid chloride.
Collectively, these results highlight the diverse material properties and
expanded chemical space accessible through stereoselective cationic polymer-
ization mediated by a chiral anion.

Vinyl ethers represent an abundant and underutilized
chemical feedstock for the production of high-value

polymers. The range of commercially available vinyl ether
monomers enables the preparation of materials that offer a
diverse array of functionality. The rich history of methodology
development for cationic polymerization has resulted in
multiple complementary approaches for the homo- and
copolymerization of vinyl ethers.1−6 Poly(vinyl ether)s
(PVEs), however, typically display low glass transition
temperatures (Tg < −20 °C) and are amorphous viscoelastic
fluids at room temperature.7 Thus, the majority of these
polymers exhibit nearly identical thermomechanical properties
at common operating temperatures that are independent of
side chain identity.8

One frequently utilized strategy for tuning material proper-
ties is copolymerization, whereby two or more constituent
monomers are combined into a single copolymer in order to
achieve the synergistic combination of properties represented
by the individual homopolymers.9 Previous approaches toward
modulating the physical properties of PVEs through
copolymerization have focused on influencing either the
thermomechanical or interfacial properties through the
incorporation of a functional comonomer (Figure 1). For
example, the incorporation of octadecyl vinyl ether (ODVE)
into PVE copolymers has been investigated to impart
semicrystalline properties into atactic materials driven by
crystallization of the ODVE side chains. When copolymerized
with isobutyl vinyl ether (iBVE), this approach yielded
materials with tunable melting temperatures up to a maximum
Tm of 43 °C.10 Copolymerization of ODVE with the water-
soluble monomer methoxy ethyl vinyl ether (MOVE) resulted
in materials which form hydrogels cross-linked by semicrystal-
line ODVE-rich phases.11−13 Similarly, Kennemur and co-
workers recently copolymerized iBVE with a rigid, isosorbide-

derived vinyl ether monomer in order to modulate the Tg of
the resulting PVE copolymers over a 25 °C range.14 Aoshima
and co-workers sought to influence the relative hydrophobicity
of PVEs by copolymerizing a tert-butyldimethylsilyl
(TBDMS)-protected hydroxyethyl vinyl ether comonomer
with iBVE.15 Upon deprotection to reveal an alcohol-
functional comonomer, the relative incorporation of a
hydrophilic comonomer enabled rational tuning of the
aqueous lower critical solution temperature (LCST). These
examples, and others,16−22 highlight the challenge of preparing
PVE copolymers that simultaneously exhibit high-value
functionality and desirable thermomechanical properties.
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Figure 1. Stereoselective cationic polymerization using 1 enables the
preparation of polar, semicrystalline thermoplastics with tunable
thermal properties.
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Despite the previous approaches toward the production of
functional atactic PVE copolymers, the amorphous nature of
these materials inherently limits the diversity of their
thermomechanical properties. In contrast, polyolefins represent
a high-volume and versatile class of semicrystalline thermo-
plastics. The incorporation of polar groups into polyolefins
through copolymerization has been a long-standing challenge.
Attempts to incorporate Lewis basic functionality into
polyolefins using early transition metal complexes lead to
catalyst poisoning and invariably limit the degree of
comonomer incorporation accessible through coordination−
insertion mechanisms.23 Although late transition metal
catalysts have been developed to combat this limitation,24−27

the requisite activity, structural control, or stereocontrol for
translation has not been demonstrated to date. The
copolymerization of vinyl monomers to achieve semicrystalline
thermoplastics with tunable thermomechanical and interfacial
properties, therefore, remains an outstanding challenge.28

Recently, we reported a general method for the stereo-
selective cationic homopolymerization of vinyl ethers to
achieve polar, semicrystalline thermoplastics that demonstrated
adhesion properties over an order of magnitude greater than
polyolefins.29 This method utilizes a 1,1′-bi-2-naphthol
(BINOL)-based phosphoric acid in combination with a
titanium Lewis acid (1) to achieve isotactic PVEs with high
degrees of stereoselectivity (up to 93% meso diads). The
identity of the alkyl side-chain functionality had a distinct
impact on the thermal properties of the obtained polymers.
Isotactic PVEs bearing linear alkyl substituents (e.g., ethyl,
propyl, butyl) exhibited Tm’s that ranged from 65 to 76 °C,
while those with branched side chains (e.g., isopropyl,
isobutyl) featured Tm’s that ranged from 138 to 152 °C. We
envisioned leveraging this disparity of thermal properties
between linear and branched vinyl ether substituents to
prepare semicrystalline thermoplastics with tunable thermo-
mechanical and interfacial properties. Herein, we present a
systematic evaluation of stereoselective vinyl ether copoly-
merization using catalyst 1. We demonstrate the generality of
this catalyst through the stereoselective statistical copolymer-
ization of alkyl vinyl ether monomers. The introduction of
comonomers does not influence the stereoselectivity of catalyst
1 and enables the realization of semicrystalline thermoplastics
derived from polar vinyl monomers with tunable thermal
properties. Furthermore, the functional group tolerance of 1 is
exploited to access polar thermoplastics with rationally
designed functionality.
Considering the disparate thermal properties exhibited by

isotactic PVEs bearing linear and branched alkyl substituents,
we chose to first explore the copolymerization of butyl vinyl
ether (nBVE) with iBVE (Figure 2). Addition of a prechilled
solution of 1 to a mixture of nBVE and iBVE at −78 °C
resulted in efficient copolymerization that produced high
molecular weight materials (Mn > 70 kg mol−1) via an
uncontrolled chain-growth polymerization. In order to tune the
ultimate incorporation of nBVE in the resulting copolymers,
reactions were performed using a variety of molar feed ratios of
nBVE ( f Bu) relative to iBVE. As shown in Figure 3A, distinct
1H NMR resonances were observed for iBVE (δ 3.25−2.05
ppm, CDCl3) and nBVE (δ 1.40−1.30 ppm, CDCl3) repeat
units, which were integrated relative to each other in order to
determine the mole fraction of nBVE (FBu). Analysis of the

13C
NMR enabled the determination of stereoselectivity by
comparing the integration of the region corresponding to the

racemo diads (δ 42.0−41.0 ppm, CDCl3) to the region
corresponding to the meso diads (δ 40.4−39.2 ppm, CDCl3)
(Figure 3B). Catalyst 1 enabled the preparation of poly(iBVE-
co-nBVE) with high degrees of isotacticity (91−94% meso
diads) for all copolymer compositions, demonstrating the
generality of 1 for stereoselective copolymerization of multiple
alkyl vinyl ethers. This substrate tolerance represents an
improvement over previous work where stereoselectivity was
sensitive to even slight changes in monomer structure.30,31

Next, we sought to investigate the relationship between f Bu
and FBu through kinetic analysis. Although values of FBu did not
scale proportionally to f Bu, increasing f Bu resulted in increased
FBu which enabled the preparation of copolymers with
predetermined FBu values. In order to gain a deeper
understanding of the reaction, a series of copolymerizations
where f Bu = 0.50 were quenched at various time points to
evaluate reaction kinetics. As shown in Figure 4, iBVE was
consumed at a slower rate (kobs = 4.4 × 10−4 s−1) relative to
the consumption of nBVE (kobs = 7.8 × 10−4 s−1) throughout
the copolymerization. Previous explorations of vinyl ether
copolymerization, in particular those initiated by trifluorome-
thanesulfonic acid or boron trifluoride diethyl etherate,
observed the opposite reactivity trend, whereby the more
sterically hindered comonomer was consistently incorporated
at a faster rate.32,33 The catalyst-controlled stereoselectivity
exhibited in polymerizations mediated by 1 suggests a close
interaction between the chiral anion and the propagating chain
end, which we hypothesize to be interrupted by sterically
demanding side chains. The relatively slow rate of iBVE
consumption observed during copolymerization with nBVE is
thus likely related to an adverse steric interaction between
iBVE and 1. Comonomer consumption plateaus at a combined
monomer conversion of ∼65% after 30 min (Figure S14)
which, combined with the aforementioned rates, is consistent
with the observed FBu values.

Figure 2. Reaction scheme depicting the stereoselective copoly-
merization of iBVE and nBVE using 1 and a summary of
copolymerization experiments.
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Each of the obtained poly(iBVE-co-nBVE) samples were
semicrystalline thermoplastics at room temperature. As shown
in Figure 5, differential scanning calorimetry (DSC) analysis at

a scan rate of 10 °C/min with data taken from the second
heating cycle revealed the copolymers exhibited Tg and Tm
values that span the range between those of poly(iBVE) (Tg =
−20 °C, Tm = 138 °C) and poly(nBVE) (Tg = −53 °C, Tm =
65 °C). The Tg values observed by DSC scale with FBu as
predicted by the Fox equation34,35 (Figure 5B) and remain
well below room temperature. The apparent Tm values
decrease linearly with increasing FBu as expected but reach
an inflection point at approximately FBu = 0.7, which we
hypothesize is due to a switch in the composition of the
crystalline regions from iBVE repeat units to nBVE repeat
units. Accordingly, as incorporation of nBVE increases from
this point (i.e., FBu > 0.7) a slight increase in Tm is observed,
likely resulting from decreasing contributions from iBVE
“defects” within the nBVE crystalline phase. Regardless, the
observed trends afford the ability to rationally tune both Tg
and Tm by selecting the appropriate f Bu and highlight the
general utility of vinyl ether copolymerizations facilitated by 1.
In an effort to explore the substrate scope of this

methodology, we next performed a series of copolymerizations
using ethyl vinyl ether (EVE) as a comonomer with iBVE.
Similar to the iBVE/nBVE comonomer pair, utilizing a variety
of EVE molar feed ratios ( f Et) resulted in isotactic copolymers
(91−93% meso diads) with tunable degrees of EVE
incorporation (FEt) (Table S1). The obtained FEt values
were again consistently higher than f Et, likely due to a kinetic
phenomenon similar to that described above. The Tg values
exhibited by poly(iBVE-co-EVE) decreased as expected with
increasing FEt but appeared to plateau at Tg = −37 °C when FEt
≥ 0.5. Similarly, the observed Tm values decreased linearly with

Figure 3. (A) 1H NMR (CDCl3) spectra of poly(iBVE) (top),
poly(iBVE-co-nBVE) (middle), and poly(nBVE) (bottom) high-
lighting the distinct resonances observed for iBVE (red sphere) and
nBVE (blue sphere) repeat units. (B) Observed differences of the
backbone methylene 13C NMR (CDCl3) resonances in an isotactic
poly(iBVE-co-nBVE) made using 1 and an atactic poly(iBVE-co-
nBVE) made using trifluoromethanesulfonic acid.

Figure 4. Plot of −ln[VE] versus time of the copolymerization of
iBVE and nBVE. Conversions of iBVE (■) and nBVE (●) monitored
independently by 1H NMR (CDCl3). VE = vinyl ether. [iBVE]0 =
0.19 M. [nBVE]0 = 0.19 M.

Figure 5. (A) Plot of Tm obtained by DSC as a function of molar
incorporation of nBVE (FBu). Solid lines highlight observed trends.
(B) Plot of Tg obtained by DSC as a function of FBu. Dashed line
indicates Tg values predicted using the Fox equation.
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increasing FEt from 138 °C until plateauing at ∼40 °C when
FEt ≥ 0.5. No Tm was reliably observed in the second heating
cycle by DSC when FEt ≥ 0.3, although these materials
crystallized slowly at room temperature and exhibited obvious
first-order transitions in the first heating cycle.
Having demonstrated that the stereoselective copolymeriza-

tion of nBVE or EVE with iBVE resulted in semicrystalline
thermoplastic materials with modular Tg and Tm values, we
next explored the diversity of functionality that can be
incorporated into PVE copolymers. We prepared a copolymer
using acyl-protected ethylene glycol vinyl ether (AcVE) as a
comonomer with iBVE (2, Figure 6A). Using a molar feed
ratio ( fAc) of 0.05 we achieved a high molecular weight (Mn =
41 kg mol−1) copolymer with a 6.5% incorporation of AcVE
(FAc = 0.065) and 90% meso diads. At this degree of
incorporation, the material remained a high-melting thermo-
plastic with a Tg of −26 °C and a Tm of 124 °C. Deprotection
of the acyl functional group in 2 using NaOH efficiently
yielded copolymer 3 which features repeat units containing
free hydroxyl groups. As shown in Figure 6B, the gel
permeation chromatography (GPC) traces for 2 and 3 closely
overlap indicating the reaction proceeds without appreciable
byproduct formation. Subsequent coupling with 1-pyrenebu-
tyryl chloride yielded pyrene-appended copolymer 4, as
evidenced by 1H and 13C NMR as well as GPC in conjunction
with a photodiode array (PDA) detector (Figure 6C). This
material exhibited a slightly increased Tg of −16 °C relative to
2 and remained a high-melting thermoplastic with a Tm of 126
°C, but was now fluorescent under UV irradiation.
In summary, we have leveraged the stereoselective cationic

polymerization facilitated by catalyst 1 to prepare a series of
isotactic vinyl ether-based copolymers. Through judicious
choice of comonomer pairs, both the Tm and Tg of the
resulting materials can be rationally tuned by modulating the
relative incorporation of each comonomer. Furthermore, vinyl
ethers which contain masked hydroxyl functionality were
shown to be competent comonomers for further diversification
and were utilized to append a fluorescent pyrene-derived

functional group. The ability to copolymerize heteroatom-
containing comonomers as well as perform multiple post-
functionalization reactions without sacrificing the stereo-
chemistry and desirable thermal properties of the homopol-
ymers represents a practical approach toward polar, high-
performance thermoplastics and will lead to isotactic PVEs
with a multitude of functionality.
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