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ABSTRACT: Research on controlling cationic polymerization through a degener-
ative chain-transfer (DCT) process has primarily focused on the family of vinyl ether
monomers. To expand the monomer scope, a better understanding on what
properties of chain-transfer agents (CTA)s to achieve satisfactory cationic DCT is
necessary. In this work, we focused on para-methoxystyrene (pMOS) as the model
monomer for electron-rich styrenics and screened a library of CTAs varying in acidity
and nucleophilicity. Our results showed that increasing the nucleophilicity of the
CTAs significantly improved the control over the cationic DCT polymerization of
pMOS. In contrast, acidic CTAs, which provide good control over the cationic DCT
polymerization of vinyl ethers, do not exert appreciable control of the cationic DCT
polymerization of pMOS. Furthermore, we discovered two new CTAs for controlling
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the cationic DCT polymerization of pMOS, 1-butaneselenol and benzeneselenol. Lastly, this systematic study allowed us to develop
a hypothesis about how the electronic structure of the propagating carbocation dictates the characteristics of a CTA necessary to

control the cationic DCT polymerization of a given monomer.

1. INTRODUCTION

Studies on controlled chain-growth polymerizations have
strayed away from ionic-centered living polymerizations (i.e.,
anionic and cationic)'™® since the dawn of reversible-
deactivation-radical polymerization methodologies that are
radical-centered.*”” However, a resurgence in cationic-
centered polymerization has recently occurred.® Typically,
cationic polymerization has been largely limited to electron-
rich vinyl monomers such as vinyl ethers (VEs) and para-
methoxystyrene (pMOS) that are difficult to polymerize
through a radical-based process.”'® To further expand the
scope of accessible polymer compositions, recent advance-
ments have enabled copolymerizations of these monomers
with a variety of radical monomers."'~'® Additionally, the
incorporation of renewable feedstock as monomers'”~** and
degradable building blocks have also been made possible
through cationic polymerizations.”>>° Furthermore, the
nature of the propagating cation can serve to control the
sequence in terpolymerization.26 More recently, an unprece-
dented discovery—catalyst-controlled stereoselective cationic
polymerization of VEs—has been demonstrated by Teator and
Leibfarth,””** where poly(vinyl ether)s of high isotacticity
show distinctive physical properties. All these exciting
discoveries call for further exploration of cationic polymer-
izations for precise control over molecular weight and complex
architectures.””*° To this end, facile and mild alternative
protocols for controlling cationic polymerization have
emerged.'*"** Of particular note, Fors and co-workers
recently demonstrated a single-component system that initiates
and controls the cationic polymerization of VEs in the absence
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of additional controlling agents; impressively, this new system-
based cationic polymerization can be conducted at ambient
temperature and open to air.”

Until recently, living/controlled cationic polymerizations
were typically controlled by reversible activation of a dormant
carbon—halogen bond to reactive carbocationic species via
metal-based Lewis acid catalysts.”* However, building upon the
discovery of using isobutyl VE (IBVE)—thiocarbonylthio/
dithiocarbamate adducts to cross over from a RAFT (reversible
addition—fragmentation chain transfer)-mediated radical poly-
merization to a living cationic polymerization upon activation
by a Lewis acid,'®*® Kamigaito and co-workers reported the
RAFT-based degenerative chain-transfer (DCT) control of the
cationic polymerization of VEs, pMOS, and p-hydroxystyrene,
externally initiated by a strong Brensted acid (trifluorometha-
nesulfonic acid, TfOH), demonstrating the first controlled
cationic RAFT polymerization (Scheme 1D).* This discovery
represented a significant advancement over the original living
cationic polymerization, because the chemical nature of the
chain-transfer agent (CTA) can now modulate the control over
cationic chain transfer, similar to radical-centered RAFT
polymerization. Therefore, in principle, one could engineer
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Scheme 1. Mechanism of DCT-Controlled Cationic Polymerization (A) Mechanism, (B) Monomers, and (C) CTAs
Investigated in This Work; (D) Comparison with RAFT-Controlled Cationic Polymerization
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the structure of the CTA to make cationic RAFT polymer-
ization amenable to a wider scope of monomers beyond the
reported monomers. Straying away from acidic initiators,
Kottisch et al. reported the photocontrolled cationic polymer-
ization of VEs using dithiocarbamate- and trithiocarbonate-
based CTAs with an oxidizing photocatalyst.'”'® Unfortu-
nately, despite the establishment of multiple living cationic
polymerization techniques, their scope of the monomers
remains limited primarily to VEs. User-friendly approaches to
the controlled cationic polymerization of electron-rich
styrenics, for example, pMOS, are underrepresented. In an
effort to fill this void, Prasher et al. reported the controlled
cationic polymerization of pMOS using methanol as the CTA
and TfOH as the initiator,"° confirming the cationic DCT-
controlled polymerization of pMOS with methanol as the CTA
with a photoredox catalyst, first reported by Perkowski et al.*”

Whereas pMOS and VEs are both electron-rich vinyl
monomers, they have significantly different electronic
structures, which dictate their reactivity, rate of polymerization,
and efficiency of chain transfer. For example, Uchiyama et al.
reported that the polymerization of IBVE took 1 min to reach
93% monomer conversion; yet, with the same CTA (ie,
thiophenol—IBVE adduct), pMOS took 14 h to reach 97%
monomer conversion.”® This phenomenon can be explained by
the fact that the propagating carbocation center of VEs is
significantly less stable, as there is only an oxygen that can
donate electron density to stabilize the cation.’” On the other
hand, the propagating carbocation of pMOS is stabilized
through resonance donation of electron density by the
aromatic ring and the oxygen on the 4-position of the ring.
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Thus, the propagating carbocation of pMOS is significantly
more stable than that of VEs (e.g, IBVE), resulting in
inherently slower propagation. Despite this reasonable
explanation, little has been done to experimentally establish a
relationship between the electronic structure of the propagat-
ing carbocation and its impact on the characteristics needed in
a CTA.

For the cationic DCT polymerization of VEs, Uchiyama et
al. recently screened a variety of CTAs.” Of those CTAs,
dibutyl phosphate (n-BuO,PO,H) provided excellent control
over the molecular weight, accompanied by narrow molecular
weight distributions, whereas methanesulfonic acid
(CH;SO;H) provided only moderate control. However, no
such screening has been done for electron-rich styrenics (e.g.,
pMOS). Therefore, to understand how different CTAs would
affect the cationic polymerization of electronic-rich styrenics
(rate, dispersity, molecular weight evolution, etc.), we screened
a library of nucleophilic and acidic CTAs” ability to control the
cationic polymerization of pMOS. Our results indicate that, the
difference in effective CTAs between pMOS and VEs (e.g,
IBVE) can be explained by the difference in the stability of the
propagating carbocations. Furthermore, we demonstrate that
increasing the nucleophilicity of the CTA improves the control
in the cationic DCT polymerization of pMOS. Finally, we
discover two novel selenium-based CTAs, butaneselenol and
selenobenzene, that provide superior control over the cationic
polymerization of pMOS when compared with analogous
sulfur and oxygen-based CTAs.

https://dx.doi.org/10.1021/acs.macromol.0c00290
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2. EXPERIMENTAL SECTION

2.1. Materials. Anhydrous solvents were collected from a glass
contour solvent system purchased from Pure Process Technology
LLC and stored over 4 A molecular sieves. pMOS was distilled over
calcium hydride under reduced pressure. The TfOH stock solution
(20 mg/mL) was prepared in a glovebox because of its hydroscopic
nature with anhydrous diethyl ether. All other reagents were
purchased from Sigma-Aldrich Corporation, VWR International,
and Fisher Scientific Corporation and used without additional
purification unless otherwise noted.

2.2. Instrumentations. 'H NMR spectra were recorded on a
Bruker DRX 400 MHz spectrometer using a solvent residual peak as
the internal standard (at 7.26 ppm in CDCl,). Size exclusion
chromatography (SEC) was performed on a Waters 2695 separations
module liquid chromatograph equipped with two Agilent Resipore
columns (PL1113-6300) maintained at 35 °C, and a Waters 2412
refractive index detector at room temperature. Tetrahydrofuran
(THF) was used as the mobile phase at a flow rate of 1.0 mL/min.
Molar mass and dispersity data are reported relative to 580—200,000
g/mol poly(styrene) standards. Matrix-assisted laser desorption/
ionization-time of flight-mass spectrometry (MALDI-ToF-MS)
spectra were recorded using an AB Sciex 5800 MALDI-ToF/ToF
in reflector mode with a voltage multiplier of 0.66 and 3550 laser
intensity.

2.3. Polymerization Procedures. In a typical polymerization, a
monomer (pMOS, 495.5 uL S00 mg, 3.73 mmol), a solvent
(anhydrous dichloromethane, 6.82 mL), and CTA (butanol, 13.64
uL, 11.04 mg, 0.149 mmol) were added to a scintillation vial
containing a magnetic stirrer. This solution was cooled to 0 °C with
stirring. Then, TfOH prepared as a 20 mg/mL stock solution in
diethyl ether was added (0.139 mL, 2.79 mg, 0.0186 mmol) to initiate
the polymerization. After an hour and a half, reactions were quenched
with excess triethylamine. To confirm monomer conversion, an
aliquot of the reaction mixture was analyzed by 'H NMR analysis.
The polymer was then isolated by precipitation into methanol for
further analysis. Experimental number average molar mass (M, ..)
and dispersity (P) were determined by SEC analysis.

For kinetic studies, 0.4 mL aliquots were removed at regular
intervals and added to THF (for SEC analysis) and deuterated
chloroform (for 'H NMR analysis) containing triethylamine to
prevent further propagation. Monomer conversion was calculated
using 'H NMR by integrating the —CHH vinylic proton at 5.6 ppm
and using the —OCHj; phenyl-methoxy proton at 3.80 ppm as an
internal reference. Experimental number average molar mass (M, ..)
and dispersity (P) were determined by SEC analysis.

For in situ chain extension, conversion was confirmed by '"H NMR
and an equivalent amount of monomer (pMOS, 495.5 uL S00 mg,
3.73 mmol) was added to the reaction mixture. After an hour and a
half, full conversion was confirmed by "H NMR.

2.4. Synthesis of 1-Butaneselenol. Elemental selenium (1.58 g,
20.0 mmol) was added to a dry flask containing a stir bar. The flask

i) BuLi
if)

"> seH

Se

was sealed, and 20 mL of anhydrous THF was added. The solution
was then purged with argon for 10 min. Next, the flask was cooled to
0 °C and 8 mL of 2.5 M n-butyllithium (1.28 g, 20.0 mmol) in
hexanes was added. The flask was allowed to stir at 0 °C for 15 min.
The flask was then cooled to —78 °C and 10 mL of 2.0 M
hydrochloric acid (20 mmol) was added. The flask was allowed to stir
for 1S min at —78 °C and then warmed to room temperature. Salts
precipitated upon warming and were filtered off. The solvent was
removed under reduced pressure. The product was filtered through
silica to remove any residual salts. The final product was a bright
yellow liquid with a foul odor. The product was stored under argon to
prevent oxidation. Spectroscopic data were consistent with the
reported literature values.*’
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2.5. Calculation of Theoretical Number-Average Molar
Mass, M, ,. The theoretical number-average molar mass was
calculated with the following equation.

_ pIM]pMy

nth — [CTA], CTA

(1)
where [CTA], and [M], are the initial concentrations (mol/L) of the
monomer and CTA, respectively. My and Mcr, are the molar masses
(g/mol) of the monomer and CTA, respectively. Finally, p is the
monomer conversion as calculated by '"H NMR analysis. Note, this
assumes 100% initiation efficiency from CTAs (and intact CTA-
derived terminal end groups) and neglects polymer chains derived
from TfOH initiation.

2.6. Computational Calculation. The Gibbs free energy change
and Hirsch field charges were obtained through computational
chemistry. All calculations were performed at the density functional
theory (DFT) wB97XD/6-311 + g(d) level of theory with the implicit
solvent model of CPCM in dichloromethane taken into consideration.
The software used was Gaussian version 16A03.

3. RESULTS AND DISCUSSION

3.1. Weak Acids as CTAs in Cationic Polymerization.
Inspired by the excellent control over the cationic polymer-
ization of VEs using weak protonic acids demonstrated by
Uchiyama et al,” we began our investigation by screening these
weak protonic acids as CTAs for the cationic polymerization of
pMOS. Our results on pMOS are summarized in Table 1,
together with the data for VE (i.e, IBVE) from Uchiyama et
al” The data clearly showed that there is a significant
difference in the characteristics of a CTA necessary to control
the cationic polymerization of IBVE and pMOS. For example,
phosphoric acid dibutyl ester ((7n-BuO),PO,H) was able to
offer excellent control over the cationic polymerization of
IBVE (Table 1),”*" yet it was unable to control the cationic
polymerization of pMOS (Table 1), resulting in a molar mass
that was significantly higher than the targeted molar mass
(M, ec = 16,000 vs M, 4, = 3600 g mol™'). The high molar
mass observed (M, ..), numerically close to the high M, . for
the cationic polymerization of pMOS without any CTA (Table
1), suggested that this particular CTA (phosphoric acid dibutyl
ester) was only consumed to a marginal amount, if consumed
at all. Likewise, methanesulfonic acid (CH;SO;H) was unable
to control the polymerization (Table 1) and gave a dispersity
even higher than when no CTA was used, despite the
moderate control previously reported for IBVE (Table 1).
Other acids, including trifluoroacetic acid (CF;CO,H, Table
1), benzoic acid (PhCO,H, Table 1), and acetic acid
(CH,;CO,H, Table 1), were unable to control the cationic
polymerization of pMOS as well. To further demonstrate the
lack of control when using weak acids for the cationic
polymerization of pMOS, we targeted a range of molar masses
by changing the [M]/[CTA] ratio using acetic acid
(CH3CO,H) as the CTA (Table 1). Again, the observed
molar mass did not correlate with the targeted molar mass. In
summary, the results made it clear that weakly acidic CTAs
cannot control the cationic polymerization of pMOS. On the
other hand, we previously observed simple alcohols (e.g.,
methanol and ethanol) as CTA provided moderate control
over molar mass for pMOS (Table 1);'® in contrast, a
complete lack of control was observed for IBVE (Table 1)
when 1-octanol was used as the CTA.” Finally, reducing the
nucleophilicity of ethanol by partial fluorination into
trifluoroethanol was detrimental to controlled cationic DCT
polymerization of pMOS (Table 1).

https://dx.doi.org/10.1021/acs.macromol.0c00290
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Table 1. DCT-Controlled Cationic Polymerization of IBVE and pMOS Using Acidic CTAs

\ X

H-O-R

O~ O-r
0RO,

)/\0 IBVE Or pMOs T )/\0 or
IBVE® pMOS
CTA M, (g mol™) M, (g mol™") b M, 4" (g mol™) M, (g mol™) b
(n-Bu0),PO,H 2500 3100 1.09 3600 16,000 1.48
5000 5000 1.09
10,000 10,500 1.08
CH,SO,H 2500 3000 1.19 3500 20,000 1.98
4800 5500 151
CF,CO,H 4900 17,000 3.36 3500 43,000 343
CH,CO,H 4800 12,000 2.60 1400 9000 1.39
3400 9000 1.40
13,500 18,000 1.50
PhCO,H 3500 16,000 2.39
CH,0H“ 5000 3300 1.80¢ 6700 62007 1.227
C,H,0H 6700 10,2007 1247
CF,CH,0H" 6800 26,4007 1.71¢
1n-CgH,,OH 5000 11,000 2.83
CH,OH 3400 12,000 1.34
p-CNC4H,OH 3400 27,000 1.68
No CTA 24,600° 3.58° 21,000 1.67
IBVE-TTC 5000 5000 1.18 6500 5200 1.25

“Unless specified, the values are obtained from ref 9. an,th is the theoretical molar mass calculated from eq 1 (see the Experimental Section).
°M, . is the experimental molar mass determined by SEC in THF with poly(styrene) standards. dReported value from ref 10. “Reported value

n,sec

from ref 36.

3.2. Stability of Propagating Cation versus Nucleo-
philicity of CTAs. The results presented in Table 1 highlight
the difference in reactivity of VEs (e.g,, IBVE) and styrenics
(e.g., pPMOS) in DCT-controlled cationic polymerization. For
example, the nucleophilicity of the monomer is an important
factor in the cationic polymerization, as the chain propagation
step relies on the reaction between the electrophilic
propagating chain end and the nucleophilic monomer. The
higher electron density of the # carbon in IBVE compared to
pMOS greatly promotes the nucleophilic addition of the
monomer to the propagating chain end. Furthermore, the
propagating cation (i.e., an electrophile) of IBVE is inherently
less stable than that of pMOS, because of a reduced resonance
stabilization of the propagating cationic IBVE species. All these
factors contribute to the extremely fast polymerization of IBVE
even at a very low temperature (e.g.,—78 °C) ; in contrast, the
cationic polymerization of pMOS is much slower even when
conducted at a comparably higher temperature (e.g,—10 °C).

In order to control cationic polymerization via the DCT
mechanism (Scheme 1), one would need fast and efficient
chain transfer to the CTA to (a) consume CTAs to cap the
majority of the chain ends with CTA moieties and (b)
establish and maintain the main equilibrium to enable rather
uniform chain propagation. Whereas the less-stable and more-
reactive propagating cation of IBVE would allow successful
chain transfer to less-nucleophilic CTAs, for example, weak
acids, we reason that the more-stable cation of pMOS would
require more nucleophilic CTAs to attack its more stabilized
cation-center (Scheme 2).*’ This hypothesis—a less-stable
propagating cation being more susceptible to attack by a less-
nucleophilic CTA, whereas a more-stable propagating cation
requires a more-nucleophilic CTA—can indeed help us

understand the cumulative data obtained to date (Table 1).
Additionally, the degenerate chain-transfer-controlled cationic
polymerization in the presented cases (Scheme 2) would
require a proton chain transfer from the initial chain-transfer
intermediate to the monomer, in order to complete the
consumption of the CTA and initiate new chains (Scheme 2).
This proton transfer step would occur much faster with VE
because of its higher basicity than pMOS, accounting for a
higher degree of consumption of CTA and control over the
cationic polymerization of VEs. For example, (n-BuO),PO,H
and CH;SO;H are able to control the cationic polymerization
of IBVE, despite being relatively weak nucleophiles; however,
neither of these two can exert sufficient control on the cationic
polymerization of pMOS, given the stable propagating cation
of pMOS. In contrast, none of the carboxylic acids tested were
sufficiently nucleophilic to serve as CTAs for the cationic
polymerization of either IBVE or pMOS. From our initial
screening of CTAs, covering a wide range of acidity (pK, from
~0 to ~$), it became clear that it is the nucleophilicity, rather
than the acidity, that exerts the real control over the cationic
polymerization of pMOS. Furthermore, given that the central
element that enables the chain transfer is oxygen (i.e.
propagating cation would transfer to the oxygen atom in
these acid-based CTAs), one would wonder what might
happen to simple alcohols as potential CTAs. Indeed, the data
showed that a simple alcohol can sufficiently control the
cationic polymerization of pMOS (Table 1) but can only offer
poor control over the cationic polymerization of IBVE (Table
1). Further decreasing the nucleophilicity from ethanol to
trifluoroethanol (CF;CH,OH) led to a complete loss of
control (Table 1)," highlighting the importance of nucleo-
philicity of the CTA in DCT-controlled cationic polymer-
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Scheme 2. Representative Resonance Structures of the
Propagating Carbocation Center of pMOS and IBVE
Effecting CTA Consumption in Cationic DCT
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(A) Propagating pMOS carbocation is stabilized by aromatic
resonance and pMOS bares a less basic vinyl group to complete
CTA consumption through reinitiation via proton transfer; both
factors are unfavorable for efficient CTA consumption; however, slow
propagation and low nucleophilicity of the monomer increase the
odds of chain-transfer events; (B) propagating carboxonium center of
IBVE is comparatively less-stabilized and the vinyl group is more

basic, favoring CTA consumption; However, the more-nucleophilic
vinyl group is unfavorable for chain-transfer events over propagation.
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izations. Consistent with this, mechanistic studies have shown
electron-rich or nucleophilic RAFT agents exert better control
in photocontrolled cationic RAFT polymerization of VEs.*

3.3. Substituted Phenols as CTAs. To further under-
stand the impact of nucleophilicity of the CTA in controlling
cationic DCT polymerization, we next investigated a variety of
CTAs of varying nucleophilicity in the cationic polymerization
of pMOS.

We started our investigation with phenol, as the nucleophil-
icity of the alcohol attached to the benzene can be modulated
by using different substituents on the 4-position of the benzene
ring. As phenol is significantly less nucleophilic than methanol
and would not enable fast chain transfer via nucleophilic attack
to the propagating cationic chain end, one would not expect
much control over the cationic polymerization of pMOS.
Indeed, a poor control on the molar mass was observed when
phenol was used as the CTA (M, = 12,000 g mol™!, D =
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1.34) (Figure S1, Table 1), significantly differing from the
targeted molar mass (M, = 3400 g mol™"). Electronic
structure models generated using DFT reveal that there is a
significantly higher electron density at the 4-end of the ring
(the sp® carbon) than at the oxygen (Figure S2). This suggests
that nucleophilic addition may occur through a Friedel—Crafts
pathway (i.e, more nucleophilic carbon on the 4-position of
the phenol attacking the cationic chain end), possibly
accounting for the lack of control by phenol as the CTA
cationic DCT-controlled polymerization of pMOS. Further
investigation of these polymers via MALDI-ToF indeed
suggests phenol-derived end groups; unfortunately, we could
not confirm the structure of the end groups by nuclear
magnetic resonance (NMR). Substituting the 4-position of
phenol with an electron-withdrawing cyano-group would
significantly decrease the electron density on the oxygen, and
the reduced nucleophilicity of the oxygen would further lower
the ability of the CTA in controlling the cationic polymer-
ization. This was indeed confirmed by the experimental results.
Specifically, we observed a much higher molar mass (M, .. =
27,000 g mol™") and a broadened dispersity (P = 1.68) when
using 4-cyanophenol as the CTA (Figure S1, Table 1).
Furthermore, computation of the Hirsch field charges
confirmed that 4-cyanophenol is significantly less nucleophilic
than phenol (i.e., the oxygen as the nucleophile) (Figure S2).
These results indicate that decreasing the nucleophilicity of the
CTA decreases the ability of the CTA in controlling the
cationic polymerization pMOS, consistent with our proposed
mechanism (Scheme 2).

3.4. Group 16 Aromatic Nucleophiles as CTAs. To
confirm the lack of influence over molecular weight control by
weakly nucleophilic phenol, we varied the [M]/[CTA] ratio to
target a range of degree of polymerizations. Based on our
results (Table 2), phenol was unable to control the molecular
mass in the cationic polymerization of pMOS as varying the
[M]/[CTA] did little to change the observed molar mass
(Figure S3A). Despite this apparent lack of control, a phenol
w-end capped species was suggested by the MALDI-ToF mass

Table 2. Group 16 Aromatic Nucleophiles-Based CTA-
Mediated Cationic Polymerization of pMOS

X X \@
TfOH
DCM, 0 °C
~
CTA Mg (gmol™) M, (g mol™) p*
phenol 1400 7700 1.49
3400 12,000 1.34
6700 14,000 1.39
13,500 14,500 1.39
thiophenol 1400 1000 1.27
3400 2200 1.51
6700 5200 1.37
13,500 11,000 1.45
benzeneselenol 1400 1900 1.17
3400 3400 1.29
6700 9400 1.35
13,500 12,000 1.38

“Calculated using eq 1 (see the Experimental Section). *Determined
by SEC in THF with poly(styrene) standards.
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Figure 1. (A—C) Targeting different molar mass of Poly(pMOS) and (D—F) kinetic analysis using butanol, butanethiol, and butaneselenol
respectively as CTAs for DCT-controlled cationic polymerizations. Molar mass and dispersity evolution with monomer conversion (G).

spectrum (Figure S4), indicating some consumption of the
CTA during the polymerization. As a full consumption of the
CTA is a prerequisite to achieving excellent control over the
polymerization via our proposed mechanism (Scheme 1), we
next screened other aromatic nucleophiles from elements in
group 16 (e.g, from oxygen to sulfur and selenium),
attempting to increase the consumption of the CTA with
increased nucleophilicity, and aiming to discover new CTAs
that can exert better control on the cationic polymerization of
pMOS. Pleasingly, changing the nucleophilic component from
oxygen (O) to sulfur (S), we observed a dramatic increase in
control over the molar mass, likely because of the increased
nucleophilicity of sulfur (Figure S3B, Table 2).** In contrast to
the results in the case of phenol, the observed molar mass was
found to be in good agreement with the targeted molar mass
(Table 2). Again, a CTA (i, thiophenol) w-capped species
was suggested by the MALDI-ToF spectrum (Figure SS).
More importantly, with thiophenol as the CTA, we were able
to observe both the a-chain end (—CHj, 1.1 ppm) and the w-
chain end (—SC4Hs, 7.1 ppm) by 'H NMR (Figure S6),
confirming a significant amount of CTA consumption. In fact,
the observed control on the cationic polymerization of pMOS
by thiophenol was similar to the results observed by Uchiyama
et al,®® albeit a thiophenol-pMOS monomer adduct-based
CTA was used in their case.

Going down group 16 from sulfur (S) to selenium (Se),
further increasing CTA softness and nucleophilicity, benzene-
selenol was able to exert a similar control on the cationic
polymerization of pMOS as to when thiophenol was used.”
Again, by modulating the [M]/[CTA], we were able to target a
variety of different molar masses (Figure S3C, Table 2). A
benzeneselenol w-end capped polymer species was also
suggested by the MALDI-ToF spectra (Figure S7). Addition-
ally, we observed both the a-chain end (—CHs, 1.0 ppm) and
the w-chain end (—SeC4Hs, 7.25 ppm) by '"H NMR (Figure
S8). However, it is important to note that as both sulfur (S)
and selenium (Se) can expand their valency (when compared
to oxygen), the sulfonium/selenonium intermediate may be
further stabilized from the aromatic ring. In addition, cation—z
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interactions could also affect the polymerization when aromatic
CTAs are used.* Thus, to deconvolute the effect of
nucleophilicity of the CTA from the effect of aromatic
resonance stabilization of the sulfonium and selenonium
intermediates, we next carried out a series of polymerizations
using group 16 aliphatic analogues as CTAs.

3.5. Group 16 Aliphatic Nucleophiles as CTAs. As we
discussed earlier, primary alcohols (e.g., ethanol) can provide
moderate control over the cationic polymerization of pMOS
(Table 1). We further verified the capability of primary
alcohols in mediating such polymerizations by employing 1-
butanol to tune the molar mass based on the [M]/[ CTA] ratio
(Figure 1A, Table 3). As expected, we were able to identify the

Table 3. Aliphatic Nucleophilic CTA-Controlled Cationic
DCT Polymerization of pMOS

CTA M,0" (g mol ™) Mn‘secb (g mol™) p?
1-butanol 1400 2200 1.35
3400 6200 1.31

6700 9500 1.29

13,500 14,400 1.36

1-butanethiol 1400 1000 1.19
3400 2300 1.34

6700 4200 1.42

13,500 5700 1.46

1-butaneselenol 1400 2600 1.17
3400 3900 1.18

6700 6900 1.23

13,500 15,000 1.38

“Calculated using eq 1 (see the Experimental Section). Determined
by SEC in THF with poly(styrene) standards.

a-chain end (—CHs, 1.0 ppm) and the 1-butanol capped -
chain end (—OCH,— 3.15 ppm, —CH,— 1.05, —CH,CH; 0.9
ppm) by "H NMR analysis (Figure S9), corroborated by the
observation of the 1-butanol-capped polymer species by the
MALDI-ToF MS (Figure S10). When the nucleophilic
element was changed from oxygen to sulfur, with the increased
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CTA nucleophilicity of 1-butanethiol, the observed molar
masses were in better agreement with the targeted molar
masses (Figure 1B, Table 3).*’ Switching to 1-butaneselenol,
the most soft and nucleophilic CTA among this series, we
observed the best control over the molar mass of the polymers
of pMOS (Figure 1C, Table 3).** With both 1-butanethiol and
1-butaneselenol, we were able to identify the CTA-capped
chain ends via '"H NMR analysis (Figures S11 and SI2,
respectively), and CTA w-end capped polymers via MALDI-
ToF MS (Figures S13 and S14, respectively). Impressed by the
control provided by 1-butanethiol and 1-butaneselenol, we
conducted additional experiments (vide infra) to further
establish these two molecules as new CTAs in mediating the
DCT-controlled cationic polymerization of pMOS. For
comparison, we also included 1-butanol in these experiments.

Kinetic studies can usually provide convincing evidence of
controlled/living polymerization. For the kinetic study, the
amount of TfOH was reduced to a concentration of 1 mmol to
slow the propagation by reducing the concentration of active
cationic chain ends, whereas all other polymerization
conditions were kept constant as those used in previous
experiments in this work (see the Experimental Section for
details). Results from the kinetics study show that the
experimental molar mass from the polymerizations mediated
by 1-butanol has a relatively large deviation from the tabulated
theoretical molar mass (Figure 1G, bottom). Consistent with
our previous results,'” an induction period was observed in the
polymerization when using 1-butanol as the CTA (Figure 1D);
in contrast, 1-butanethio- mediated polymerization shows
pseudo-first-order kinetics (Figure 1E) and linear molar mass
evolution (Figure 1G, bottom). That said, the experimental
molar mass shows a slight deviation from the calculated molar
mass. As the best nucleophile in this series, 1-butaneselenol-
mediated polymerization shows pseudo-first-order kinetics
(Figure 1F), a linear molar mass evolution (Figure 1G,
bottom), and a low dispersity (Figure 1G, top). Notably, the
experimental molar mass obtained from the 1-butaneselenol-
controlled polymerization clearly shows the best agreement
with the theoretical molar mass (Figure 1G, bottom). Also
notable, the polymerization mediated by 1-butaneselenol took
50 min to reach high conversion (Figure 1F); in contrast,
much less time was needed to reach similar conversions for the
polymerizations mediated by 1-butanethiol (10 min) and 1-
butanol (5 min). In fact, the longer polymerization time
observed in the case of 1-butaneselenol is indicative of an
increased number of chain-transfer events occurring to retard
the rate of polymerization, which is consistent with the
expected effect of the increased CTA nucleophilicity.*>*®

To further investigate the importance of nucleophilicity of
the CTA in the cationic polymerization of pMOS, we
computed the Gibbs free energy values for the main
equilibrium between the dormant species/propagating chain
end and the chain-transfer intermediate (Figure 2A). For
simplicity, we only chose one molecule of pMOS as the
propagating chain end and one molecule of pMOS-CTA as the
dormant chain in constructing the main equilibrium, and the
transition state is simulated in Figure 2B. The computed Gibbs
free energy values (Figure 2C) become more negative going
down group 16 (O > S > Se), indicating increased likelihood of
chain-transfer events which is consistent with the retardation
observed.

Another key piece of evidence for a controlled/living
polymerization is the chain extension. Thus, we lastly chose
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Figure 2. Models computed to simulate change in Gibbs free energy
(A), transition state simulated to form the chain transfer intermediate
adduct (B) and the resulting change of Gibbs free energy for 1-
butanol, 1-butanethiol, and 1-butaneselenol (C).

to conduct a chain extension study, to demonstrate that a
living chain end was indeed present and to show the potential
utility of the cationic DCT-controlled polymerization.
Experimentally, an in situ chain extension study was conducted
with the nucleophilic aliphatic CTAs. The polymerization
mediated by 1-butanol showed little ability for chain extension
(from M, .. = 4500 g mol ™', P = 1.36 to M,, . = 5400 g mol /,
b = 1.35, Figure 3A). On the other hand, the polymerization

b X

A X=0
M, s¢c = 5400 gmol*
D=142

r v

B X=s
M, s¢c= 2900 gmol*
D=1.35

v
C X=Se
M, sec = 5200 gmol*
D=1.30

b
N

10 15
Retention Time (min)

Figure 3. In situ chain extension study of nucleophilic aliphatic CTA
in the polymerization of pMOS.

mediated by 1-butanethiol showed a clear chain extension
(Figure 3B) coupled with a significant shift in molar mass
(from M, .. = 1600 g mol ™!, D = 1.33 to M, .. = 2900 g mol "/,
b 1.35). Finally, the polymerization controlled by 1-
butaneselenol showed both a clear chain extension (Figure
3C) and respectable control over the molar mass (from M,

n,5eC

=2800¢g mol™, P = 1.32 to M, . = 5200 g mol™}, b = 1.30),
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further demonstrating the controlled cationic DCT polymer-
ization of pMOS by this unique CTA.

4. CONCLUSIONS

Though both can be polymerized cationically via a DCT-type
mechanism, VEs (e.g., IBVE) and electron-rich styrenics (e.g.,
pMOS) are inherently different because of the difference in
stability of the propagating carbocation. This inherent
difference in the stability of propagating carbocations between
VE and pMOS explains why weakly nucleophilic CTAs, such as
weak acids, can provide control for the cationic polymerization
of VEs but not for pMOS, as the latter requires more strongly
nucleophilic CTA to attack the aromatically stabilized
propagating carbocation of pMOS. Based on this reasoning,
we hypothesize that the electronic structure of the propagating
carbocation dictates the characteristics a CTA necessary to
control the polymerization of a given monomer in a cationic
process. We demonstrated, experimentally and computation-
ally, that a better control of the cationic DCT polymerization
can be achieved by increasing the nucleophilicity of CTA via
promoting cationic chain-transfer events. Softness and hard-
ness of the nucleophilic element are likely to play a role in the
degenerative process as well because the nucleophile becomes
softer going down group 16 (O, S and Se), which is consistent
with a faster reaction of the soft nucleophile with a soft
(delocalized) electrophilic cation. Furthermore, consistent with
our findings, we discovered two novel selenium-based CTAs
for the cationic DCT polymerization of pMOS, 1-benzenese-
lenol and 1-butaneselenol, both of which offer excellent control
over molar mass and dispersity. Further investigation with
other electron rich styrenic monomers will help expand the
monomer scope of DCT-controlled cationic polymerization.
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