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cationic polymerization
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The tacticity of vinyl polymers has a profound effect on their physical properties.
Despite the well-developed stereoselective methods for the polymerization of
propylene and other nonpolar a-olefins, stereoselective polymerization of polar vinyl
monomers has proven more challenging. We have designed chiral counterions that
systematically bias the reactivity and chain-end stereochemical environment during
cationic polymerization. This approach overrides conventional chain-end stereochemical
bias to achieve catalyst-controlled stereoselective polymerization. We demonstrate
that this method is general to vinyl ether substrates, providing access to a range of
isotactic poly(vinyl ether)s with high degrees of isotacticity. The obtained materials
display the tensile properties of commercial polyolefins but adhere more strongly to
polar substrates by an order of magnitude, indicating their promise for next-generation
engineering applications.

T
he tacticity of vinyl polymers is intimately
linked to their resultantmaterial properties.
The desirable thermomechanical properties
of isotactic polypropylene (iPP), which is
produced at a scale exceeding 50 million

metric tons annually (1), are a direct conse-
quence of its stereoregular microstructure. In
the coordination-insertion polymerizations that
produce iPP and other isotactic poly(a-olefin)s, the
chiral ligand environment of an organometallic
complex biases facial addition of incoming mon-
omers to the propagating polymer chain end
(Fig. 1A). However, monomers containing polar
functionality lead to catalyst poisoning and are
limited to polymerizations mediated by complex
chiral metallocenium catalysts (2, 3). These
methods typically proceed through a coordination-
additionmechanismthatnecessitates anenolizable
monomer and thus are not generally applicable
(4). Late transition metal catalysts have been
developed to circumvent such limitations, but
these typically have insufficient catalytic ac-
tivity to introduce polar co-monomers into poly-
olefins at a scale necessary for high-performance
engineering applications (5–9).
Because of the limitations of coordination-

insertion approaches, the polymerization of polar
vinyl monomers is typically conducted by radical
or ionicmechanisms. Thesemethods proceed via
achiral propagating chain ends that provide no
obvious mode for biasing the facial addition of
subsequent monomers (Fig. 1B). The develop-
ment of general methods for the stereoselective
polymerization of polar monomers would ex-
pand the diversity of properties accessible from
otherwise readily available starting materials.
The few reported stereoselective radical and ionic

polymerizations rely on chain-end control, where-
by the stereochemistry of the last enchained
monomer influences the stereochemistry of sub-
sequent monomer addition (10, 11). In contrast
to the catalyst-controlled coordination-insertion
polymerization of a-olefins, approaches that
rely on chain-end control are not general to
monomer class. A fundamentally different ap-
proach for the stereoselective polymerization of
polar monomers is to design a chiral counterion
that mediates the facial addition of polar vinyl
monomers to an ionic chain end.
We identified the cationic polymerization of

vinyl ethers as a high-value target to exemplify
such a catalyst-controlled approach. Poly(vinyl
ether)s (PVEs) feature a polar ether functionality
in each repeat unit, are derived from an inex-
pensive and underused feedstock, and are rarely
used commercially because of their amorphous
properties at room temperature (12). The lack of
a general, catalyst-controlled stereoselective vinyl
ether polymerization has precluded exploration
of semicrystalline PVEs as a class of viable polar
polyolefin analogs. Previous approaches toward
stereoselective vinyl ether polymerizations have
exclusively relied on chain-end control to dictate
facial addition to the propagating oxocarbenium
ion, which has provided access to isotactic PVEs
in specific cases but is not general to alkyl vinyl
ether monomers as a class (13–19). For example,
the state-of-the-art method uses a phenoxide-
ligated titanium complex to achieve 92% meso
diads (%m) in the polymerization of iso-butyl vinyl
ether (iBVE) (20). Thismethod, however, is highly
sensitive to monomer structure and achieved
only 76% m and 64% m in the case of n-butyl
(BVE) and ethyl vinyl ether (EVE), respectively.
Extensive structural modifications of the phen-
oxide ligand resulted in diminished stereoselec-
tivity, and the ultimate origin of stereoinduction
resulted from an undetermined interplay of

monomer and catalyst steric interactions. This
high substrate specificity is common for stereo-
selective polymerizations governed by chain-
end control and exemplifies the challenges of
designing general catalytic methods using this
approach (21).
Drawing inspiration from asymmetric ion-

pairing catalysis (22), we chose to leverage the
modularity of 1,1′-bi-2-naphthol (BINOL)–based
phosphoric acids in order to systematically tune
the reactivity and chain-end interactions of chiral
counterions (Fig. 1C). Considering that BINOL-
derived chiral phosphoric acids such as 3a have
been successfully used tomediate enantioselective
additions to oxocarbenium reactive intermedi-
ates, we exposed iBVE to chiral acid 3a (23, 24).
No polymerization was observed, likely on ac-
count of the stability of the formedMarkovnikov
addition product (Fig. 2A, 1). For this reason, we
investigated Lewis acid additives that have pre-
viously been shown to promote ionization (2)
and enable cationic polymerization initiated by
weak Brønsted acids (25). The addition of TiCl4
(0.2 equivalents relative to 3a) to a mixture of
iBVE and 3a at –78°C resulted in polymerization
to afford poly(iBVE). Integration of the 13C
nuclear magnetic resonance (NMR) backbone
methylene resonances (d 39 to 42 ppm, CDCl3)
revealed 82%m, a substantial improvement over
an analogous control reaction that used HCl in
place of 3a (73% m). We hypothesized that this
increase was a direct result of the formation of a
chiral anion, likely composed of 3a and TiCl4.
To evaluate the effect of the phosphoric acid

structure on the polymerization, we prepared
a library of phosphoric acids featuring various
steric and electronic environments (Fig. 2B). With
the exception of the sterically hindered 3b TRIP
[3,3′-bis(2,4,6-triisopropylphenyl)-1,1′-binaphthyl-
2,2′-diyl hydrogenphosphate] (26, 27), all phos-
phoric acid derivatives produced polymer when
subjected to the reaction conditions described
above. Replacing the 3,5-bis(trifluoromethyl)
phenyl group in 3awith a phenyl substituent (3c)
resulted in a material with decreased isotacticity
(78% m). Increasing the number of fused rings
(i.e., 3d and 3e) or adjusting the steric environ-
ment by incorporating mesityl groups (3f) pro-
ducedmaterialswith inferior isotacticity; however,
the introduction of perfluorophenyl groups (3g)
resulted in a degree of stereocontrol approaching
that observed with 1. The addition of a tri-
fluoromethyl group at the para position (3h) had
deleterious effects on stereocontrol, which sug-
gests that the 3,5-substitution pattern of 3amay
be essential for obtaining high stereoselectivity.
We hypothesized that a Ti complex (5), with

3a serving as a ligand, is ultimately responsible
for stereoselectivity (Fig. 3A). To confirm this
hypothesis, we first mixed 3a with TiCl4 prior
to the addition of monomer and observed an
increase in stereoselectivity from 83% to 87%m.
We further hypothesized that liberated HCl
formed upon ligation of 3a to TiCl4 acted as
an endogenous initiator to form 4, which was
confirmed in a series of control experiments (see
table S2) (28). A subsequent evaluation of Lewis
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acid complexes led to thediscovery that TiCl4(THF)2
(THF, tetrahydrofuran) was the optimal Lewis
acid to obtain high stereoselectivity (Fig. 3B),
achieving 91% m poly(iBVE) (see table S3).
Further optimization of reaction conditions (i.e.,

[iBVE]0 and Lewis basic additives) produced in-
creases in stereocontrol that resulted in poly(iBVE)
with 93.0 ± 0.2% m (Fig. 3C and table S5). Ad-
ditionally, analysis of triad tacticity using
Markovian statistics suggests an overwhelming

preference for catalyst control, particularly when
compared to a control reaction performed solely
with TiCl4 (see table S4) (29, 30). An initial kinetic
analysis suggested behavior consistent with chain-
growth polymerization, with high–molecular
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Fig. 1. Designing a stereoselective cationic polymerization. (A) The
chiral ligand environment in coordination-insertion polymerizations
enables stereoselective monomer enchainment by directing facial addition
at the propagating polymer chain end. Polar monomers are typically not
compatible with this mechanism because of catalyst poisoning. Me,
methyl. (B) The achiral chain end in the cationic polymerizations of vinyl

ethers provides no inherent mode for stereoinduction. Monomer
addition occurs at either face of the oxocarbenium ion. (C) Our catalyst-
controlled approach to stereoselective cationic polymerization
relies on a chiral, BINOL-based counterion to bias the stereochemistry
of monomer enchainment. The resultant isotactic PVEs are semicrystalline
thermoplastics with intrinsic polarity.

Fig. 2. Initial opti-
mization of reac-
tion conditions.
(A) Reaction
scheme depicting
Lewis acid–assisted
polymerization of
iBVE using BINOL-
based phosphoric
acids. iBu, isobutyl;
Ar, aryl. (B) Evalua-
tion of the influence
of phosphoric acid
aryl substituents on
stereocontrol during
iBVE polymeriza-
tion. iPr, isopropyl;
NR, no reaction.
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weight materials with dispersity values close
to 2 formed at moderate conversions.
To probe the solution structure of the catalyst

responsible for stereoselectivity, we varied the
stoichiometry of 3a relative to TiCl4(THF)2. In-
creases in %mwere observed when transition-
ing from zero to one to two equivalents of 3a
relative to TiCl4(THF)2. The addition of more
than two equivalents of 3a relative to Lewis acid
resulted in further small increases in stereo-
control. These experimental observations, in com-
bination with low-temperature 31P NMR data,
indicated an equilibrium process whereby the
Ti complex responsible for stereoselectivity is
ligated by two phosphoric acids (5), and excess
3a serves to drive formation of the desired
adduct (see table S6 and fig. S32).
Having demonstrated the stereoselective polym-

erization of iBVE using a synergistic combina-
tion of 3a and TiCl4(THF)2, we sought to probe
the substrate scope of this methodology for alkyl
vinyl ether monomers. As shown in Fig. 3D,
stereoselective polymerizationwas realized with-
out altering the optimized reaction conditions to

afford isotactic PVEs bearing a variety of alkyl
substituents. The greatest degree of stereoinduc-
tion was observed for monomers with linear alkyl
substituents, such as in EVE (92.0 ± 0.1% m),
n-propyl vinyl ether (PrVE, 92.2 ± 0.1% m), and
BVE (93.2 ± 0.1%m). Branched alkyl substituents,
such as in iBVE (93.0 ± 0.2% m) and isopropyl
vinyl ether (iPVE, 87.6 ± 0.4% m), were also well
tolerated.
As illustrated in Fig. 3E, our approach pro-

duced solid, semicrystalline PVEs, whereas the
atactic materials produced by chain-end control
remain amorphous liquids. We first investigated
thermal stability using thermogravimetric analysis
(TGA). All of the obtainedmaterialswere thermally
robust, with decomposition onset temperatures
(Td, temperature at 5% weight loss) greater than
325°C. Isotactic PVEs were further evaluated
using differential scanning calorimetry (DSC),
which revealed semicrystalline polymers with a
wide range of glass transition temperatures Tg
and melting points Tm (Fig. 4A). All of the ob-
tained isotactic PVEs featured Tg values well
below room temperature, with limits defined by

poly(BVE) (–53°C) and poly(iPVE) (–14°C). Iso-
tactic PVEs with linear side chains (i.e., ethyl,
propyl, butyl) featured single melting transitions
that ranged from 65° to 76°C, whereas isotactic
PVEs with branched side chains (i.e., isopropyl,
isobutyl) featured relatively high Tm values that
manifested as two separate first-order transitions
and ranged from 138° to 152°C. The appearance
of multiple melting transitions is characteristic of
many semicrystalline homopolymers and is likely
related tomelting of an initial crystalmorphology
and subsequent recrystallization (fig. S34) (31).
Scaling up the stereoselective polymerization

to achievemultigram quantities of isotactic PVEs
was straightforward and provided sufficient ma-
terial for further structure-property evaluations.
The large thermal processing window (above the
Tm and below the Td) of isotactic PVEs enabled
us tomelt-press films of thematerial. The crystal-
line nature of the isotactic PVE films was con-
firmed by wide-angle x-ray diffraction (WAXD;
Fig. 4B), which revealed d-spacing (9.8 Å) that
was predictably larger than that measured in
iPP (6.4 Å). We next explored the mechanical
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Fig. 3. Optimization,
monomer screen, and
representative isotactic
PVEs. (A) The proposed
ionization mechanism
of Lewis acid (LA)
complex 5. (B) Optimi-
zation of polymerization
conditions to achieve
high poly(iBVE) tacticity.
Conditions: 3a (5 mM),
LA (1 mM), iBVE,
additive, 8:2 hexane:
toluene, –78°C. Đ, dis-
persity. (C) Differences in
salient 13C NMR reso-
nances observed in atactic
and isotactic PVEs.
(D) Monomer scope
demonstrating generality
of the methodology.
Et, ethyl. (E) Visual
representation (photo)
highlighting difference
between poly(iBVE)
samples that are 69% m
and 91% m.
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properties of these materials by dynamic me-
chanical analysis in linear film tension mode.
Tensile testing of dog bone–shaped specimens
cut from melt-pressed films of poly(BVE) and
poly(iBVE) yielded stress-strain curves that
showed plastic deformation behavior typical of
semicrystalline thermoplastics (Fig. 4C). A simi-
lar Young’s modulus (E) was observed for both
poly(BVE) (E = 160 ± 30 MPa) and poly(iBVE)
(E = 200 ± 20 MPa); the yield strength (sy) of
poly(iBVE) (sy = 8.4 ± 0.5 MPa) was slightly
higher than that of poly(BVE) (sy = 6.5 ± 0.5MPa).
The elongation at break value of poly(BVE)
(eB = 260 ± 20%) was relatively large relative
to poly(iBVE) (eB = 170 ± 20%). Strain stiffening
was observed in films of poly(BVE), which re-
sulted in a greater tensile strength (sb = 9.8 ±
0.7 MPa) than that measured for poly(iBVE)
(sb = 8.2 ± 0.5 MPa). Overall, the critical thermo-
mechanical properties of both poly(BVE) and
poly(iBVE) compare well to commercial poly-
olefins, such as the low-density polyethylene
Dow LDPE 4012 (Tm = 105°C, E = 280±40MPa,
sy = 8 ± 1 MPa, sb = 10 ± 2 MPa).
Building on these results, subsequent efforts

were directed toward the investigation of surface
and adhesive properties of isotactic PVEs. In

addition to having thermomechanical properties
commensurate with that of commercial poly-
olefin materials (i.e., LDPE), we expected isotactic
PVEs to exhibit significantly different surface
properties due to their intrinsic polarity. Initial-
ly, the static contact angle of water on films of
poly(BVE) was measured to establish the relative
hydrophilicity of the isotactic polymers (Fig. 4C).
Poly(BVE) displayed a contact angle of 93.6° ±
0.5°, substantially lower than that observed for
Dow LDPE 4012 (102.1° ± 0.3°). On this basis,
we reasoned that poly(BVE) should display su-
perior adhesion to polar surfaces (i.e., glass)
relative to polyolefin materials. To test this hy-
pothesis, we prepared a single-lap joint between
two glass slides, using poly(BVE) or Dow LDPE
4012, and subjected it to lap shear analysis (Fig.
4D). Poly(BVE) demonstrated stronger adhe-
sion to glass than did the Dow LDPEmaterial by
more than an order ofmagnitude, with apparent
lap shear strengths of 1600 ± 100MPa and 130 ±
20 MPa, respectively. Furthermore, the strong
adhesion of isotactic PVEs to glass substrates
resulted in cohesive failure, whereas adhesive
failure was consistently observed for polyolefin-
bonded lap joints (fig. S33). Collectively, these
results show that the intrinsic polarity of vinyl

ethers has a fundamental impact on the adhe-
sion of isotactic PVEs to polar surfaces relative
to hydrophobic polyolefins.
We anticipate that the concept of chiral coun-

terion catalysis to control polymer tacticity will
extend to a range of stereoselective polymer-
izations, while the continued development and
structure-property evaluation of isotactic PVEs
will enhance polar thermoplastics for next-
generation engineering applications.
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Fig. 4. Evaluation of thermomechanical and surface properties. (A) DSC second-heating-scan
curves (10°C/min) for various isotactic PVEs and Dow LDPE 4012. (B) Representative WAXD
pattern of a melt-pressed 91% m poly(iBVE) film. (C) Overlay of stress-strain curves for 93% m
poly(BVE), 91% m poly(iBVE), and Dow LDPE 4012 measured by tensile testing (5 mm/min, room
temperature, break point indicated by dashed arrow). The inset is a visual representation (photo) of
the static contact angle of water on melt-pressed films of 93% m poly(BVE) and Dow LDPE 4012.
(D) Relative shear stress–strain curves for poly(BVE) and Dow LDPE 4012 single-lap joints measured
by tensile testing (5 mm/min, room temperature). The inset illustrates the lap-shear experiment.
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