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ABSTRACT: The necessity of well-tuned reactivity for successful — DUAL STIMULI 1,
controlled polymer synthesis often comes with the price of limited @ <: ON/OFF SWITCH :> @
monomer substrate scope. We demonstrate here the on-demand =

interconversion between living radical and cationic polymerization
using two orthogonal stimuli and a dual responsive single catalyst.
The dual photo- and electrochemical reactivity of 10-phenyl-
phenothiazine catalyst provides control of the polymer’s molar
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mass and composition by orthogonally activating the common M
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dormant species toward two dlStl'nCt chemical routes. Th'ls enables ELECTROCHEMICAL oy PHOTOCHEMICAL
the synthesis of copolymer chains that consist of radically and POLYMERIZATION chaim transfor POLYMERIZATION

cationically polymerized segments where the length of each block is Agant

controlled by the duration of the stimulus exposure. By alternating

the application of photochemical and electrochemical stimuli, the on-demand incorporation of acrylates and vinyl ethers is achieved
without compromising the end-group fidelity or dispersity of the formed polymer. The results provide a proof-of-concept for the
ability to substantially extend substrate scope for block copolymer synthesis under mild, metal-free conditions through the use of a
single, dual reactive catalyst.

B INTRODUCTION

The development of “living” polymerization has a profound
impact on polymer synthesis, enabling control over polymer

through synthesis of new block copolymers creates oppor-
tunities in a variety of applications ranging from drug delivery
to microelectronic materials.”"~**

architecture, polymer sequence, and chain-end fidelity.' >
Recent advances in controlling the reversible interconversion
between dormant and active species with an external stimulus
have provided the ability to molecularly control polymer
synthesis with high spatial and temporal resolution.”” This
external stimulus is commonly either photochemical or
electrochemical excitation.”™"” Thanks to advances in catalyst
design, these methodologies are compatible with modern
cationic and radical polymerization techniques that enable the
use of monomers ranging from electron-deficient acrylates to
electron-rich vinyl ethers. The end products of polyacrylates
and poly(vinyl ethers) have a broad range of applications such
as adhesives, lubricants, anticorrosion agents, textiles, and high-
temperature-resistant elastomers.' "> However, at the mo-
ment, the synthesis of block copolymers encompassing both
acrylates and vinyl ether-based polymers either requires the use
of multiple catalysts or suffers from the inability to selectively
activate each catalyst, which compromises exclusive activation
of either the cationic or radical polymerization mechanism
(vide infra).'® Similar challenges were found in interconver-
tible living cationic and radical polymerizations.'”"® Block
copolymers are an important class of soft materials in which
the molecular design and properties of distinct polymer chains
affects the formation of well-defined mesophases on the
nanometer length scale.'” Control over these properties
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We, therefore, sought to incorporate divergent “trigger-
induced” chemical pathways into one-pot polymerization that
will provide a new approach to synthesize complex block
copolymers with a broader range of monomer scope. However,
accomplishing this requires a novel design of multi-stimuli-
responsive systems that can readily control the polymerization
mechanism by turning “on” or “off” the desired stimuli for
chemically orthogonal pathways.”’

Fundamentally, the stimuli-controlled polymerization strat-
egies can be classified into two main categories: those
controlled by endogenous chemical additives (e.g., the addition
of acid and bases to shift the equilibrium position) and those
that utilize exogenous triggering that consequently causes a
change in the system’s chemical potential (e.g., photochemical,
electrochemical, and thermal). Kamigaito and co-workers have
demonstrated the ability to switch between reversible
addition—fragmentation chain transfer (RAFT) of acrylates

Received: May 26, 2021
Published: July 27, 2021

https://doi.org/10.1021/jacs.1c05431
J. Am. Chem. Soc. 2021, 143, 12278—12285


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrei+Nikolaev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhipeng+Lu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arunavo+Chakraborty"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lior+Sepunaru"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Javier+Read+de+Alaniz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.1c05431&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c05431?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c05431?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c05431?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c05431?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c05431?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/143/31?ref=pdf
https://pubs.acs.org/toc/jacsat/143/31?ref=pdf
https://pubs.acs.org/toc/jacsat/143/31?ref=pdf
https://pubs.acs.org/toc/jacsat/143/31?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.1c05431?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society pubs.acs.org/JACS

*

7 $

pTH* \@ ;
\ e

uction

s
P"‘SJLSEt @

o+

M,: Methyl acrylate
M,: Isobutyl vinyl ether

Figure 1. Proposed mechanism of PTH-controlled electrochemical and photochemical polymerization.
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Figure 2. PTH can be oxidized electrochemically to PTH®*, which in turn oxidizes CTA 1 homogeneously in solution. (a) Scan-rate-dependent
voltammograms of 1.0 mM PTH in 0.1 M ["Bu,N][PF] electrolyte in DCM solvent. (b) Overlay of CVs of 1 mM PTH, 10 mM CTA 1, and 1
mM PTH + 10 mM CTA 1 mixture at 10 mV s~" under identical solvent and electrolyte conditions. (c) UV—vis spectra of PTH, PTH**, and CTA
1. (d) [PTH"*] vs time plot determined from UV—vis spectra of PTH®" in the absence of any CTA 1 (black squares) and upon addition of CTA 1
(red circles). See Figures S8—S11 for more details.
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(radical) and vinyl ethers (cationic) by adding an appropriate,
yet orthogonal, chemical stimulus.”* ™7 Specifically, 2,2
azobis(4-methoxy-2,4-dimethylvaleronitrile) was used to ini-
tiate the radical polymerization and tin(IV) chloride was used
as the Lewis acid to mediate the cationic polymerization of
isobutyl vinyl ether (IBVE).”® In separate reports, the same
group recently showed a similar approach using triflic acid
(Bronsted acid) and aluminum-based Lewis acid to initiate the
cationic-RAFT polymerization of IBVE.*™** The use of
endogenous chemical stimuli, however, generates additional
byproducts that may complicate sequential reactions or
purification and the use of strong Brensted and Lewis acids
requires special handling that pose safety issues. In parallel,
Fors and co-workers recently demonstrated an elegant
noninvasive approach based on photochemical stimuli, where
the polymerization RAFT pathway is switched between vinyl
ethers (cationic) and acrylates (radical) by changing the
irradiation Wavelength.16 Here, 2,4,6-tri-(p-methoxyphenyl)-
pyrylium catalyst was used to mediate the cationic polymer-
ization, and tris[2-phenylpyridinato-CN]iridium(III) catalyst
was used to mediate the acrylate polymerization. Despite the
pioneering dual photo-mediated pathway, the use of this
method suffers from the high cost of iridium catalyst and large
absorption spectra overlap of both photocatalysts, which limit
the ability to exclusively activate either the cationic or radical
polymerization mechanism. To address some of these
challenges, Fors subsequently developed orthogonal radical
and cationic strategies that rely on the combination of
chemical oxidation or electrochemical excitation with photo-
activation.””*" The advantage of the last approach stems from
the use of a single photocatalyst and improved control over
block copolymer synthesis. However, the ferrocene (Fc)
catalyst used to mediate the electrochemical excitation also
quenches the excited photocatalyst Ir(ppy);. The concen-
tration of Fc had to be carefully tuned to prevent inhibition or
substantially slowing down photochemical polymerization
through inhibition. The challenge of balancing reactivity and
selectivity remains at the forefront of this emerging field that
seeks to leverage the use of multistimuli responsive systems.

Here, we demonstrate the application of a single, metal-free
catalyst platform that can selectively mediate monomer
addition by controlling the electro- or photochemical stimuli
of either cationic (vinyl ethers) or radical (acrylates)
polymerization, respectively, using 10-phenylphenothiazine
(PTH) as the dual-responsive catalyst. Furthermore, we
discovered that under optimized conditions we can selectively
synthesize homo-, diblock-, triblock,- or tetrablock polymer by
alternating the external stimuli source (photons or electro-
chemical potential). PTH, therefore, constitutes an effective
catalyst in controlling both cationic and radical-based polymer-
ization, providing new opportunities for polymer synthesis,
enabling control over polymer architecture and polymer
sequence.

B RESULTS AND DISCUSSION

Design of Dual-Responsive System. To achieve on-
demand controlled polymerization in one-pot, we aimed to
take advantage of photo and electrochemical orthogonal
stimuli for regulating cationic and radical polymerization
processes in situ. We hypothesize that PTH can initiate and
reversibly terminate both polymerization pathways, leading to
precise spatiotemporal control over polymer growth (Figure
1). To achieve this, several conditions must be met to make a
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Figure 3. PTH**BF; initiated polymerization of IBVE in the presence
of CTA 1.

single catalyst system work. First, the extrinsically activated
catalyst must selectively activate the chain transfer agent
(CTA) and be inert to all the other species in the reaction to
avoid undesired pathways that would result in uncontrolled
polymerization. Second, the catalyst has to respond to two
orthogonal stimuli to fulfill on-demand mechanism switching.
In addition, the single catalyst approach should not
compromise the end-group fidelity or high monodispersity of
the formed polymer. Finally, the catalyst must reversibly
interconvert between the dormant and active species on the
polymer chain-end to control chain growth for both cationic
and radical polymerization processes.

Electrochemical Pathway with PTH. We started our
electrochemical investigation by first studying the thermody-
namic properties (formal reduction potential) of the
phenothiazine catalyst. PTH may serve as a mediator only if
the electrochemically generated radical cation, PTH®*, oxidizes
CTA 1 at potentials that are lower than that needed to oxidize
CTA 1 directly on the electrode surface.>’ Then, the PTH**
radical, if long-lived, can facilitate cationic RAFT polymer-
ization in the presence of a vinyl ether monomer (Figure 1,
right side). To gain insight into the feasibility of this approach,
we turned to cyclic voltammetry investigations (CV). As
shown in Figure 2a, reversible voltammograms are recorded for
PTH in DCM at various scan rates, indicating fast
heterogeneous electron transfer between the PTH species
and the glassy carbon working electrode (further details are in
the Supporting Information). The reversibility of the
voltammograms suggests the long-lived feature of PTH®'.
Full analysis of the formal reduction potential of PTH (Ef =
0.226 V vs Fc* IFc), and the diffusion coefficient (Dpry = 2.28
X 107° cm” s7') was done by fitting the experimental results to
the Randles—Sevcik semi-infinite diffusion model (see Figure
S2 and discussion within).*” Of note, irreversible oxidation of
CTA 1 (Figure 2b, green trace, and Figure S2) on the glassy
carbon electrode is seen only at higher potentials (EP =0.938V
vs Fc* IFc). These results demonstrate that PTH will be
preferentially oxidized over CTA 1 on the electrode surface,
supportin§ that it can work as a mediator to oxidize CTA 1 in
solutions.”’

Encouraged by our thermodynamic insights, we sought to
determine whether the electrochemically generated PTH
radical cation can oxidize CTA 1. For this, cyclic voltammetry
was used as the investigative tool. We used a relatively slow
scan rate (10 mV s™') to allow the generated radical to interact
homogeneously in solution with the CTA agent (for other scan
rates, please refer to Figures S3—S7).33 However, Figure 2b
(blue CV trace) shows no clear current amplification and the
voltammogram did not transform into an irreversible wave as
expected from a fast electrocatalytic process. The results
indicate that the CTA 1 oxidation by PTH®* radical is too slow
to observe with slow scan rates, if the oxidation occurs at all.
Note, we could not perform CV measurements at lower scan
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Figure 4. PTH can mediate polymer synthesis via electrochemical or photochemical triggering. (a) General schematic of the photochemical
polymerization of methyl acrylate (MA); (b) conversion versus time for MA (blue); (c) M, and D versus conversion for MA (blue); (d)
semilogarithmic kinetic plots (In[M],/[M], versus polymerization time) for radical polymerization of MA (blue); (e) general schematic of the
electrochemical polymerization of isobutyl vinyl ether (IBVE); (f) conversion versus time for IBVE (red); (g) M, and D versus conversion for
IBVE (red); (h) semilogarithmic kinetic plots (In[M],/[M], versus polymerization time) for cationic polymerization of IBVE (red).

rates <10 mV s™' because the time scale for the measurement
induces analyte convection and the obtained voltammograms
are no longer analytical.”* Because CVs could not be used to
ascertain the kinetics of CTA 1 oxidation, we turned to UV—
vis absorption studies to resolve the kinetic process. In this
case, electrochemically generated PTH®* reacts with CTA 1
and the concentration of PTH*" is monitored using UV—vis
spectroscopy. The absorption spectra of PTH, electrochemi-
cally generated PTH*®*, and CTA 1 are shown in Figure 2c. We
chose to track the change in concentration of the PTH®*
radical during the homogeneous interaction with CTA 1 via
the 782 nm maxima (the absorption feature at 782 nm has
been reported in prior work for phenothiazine radical cation)
under conditions used later for the full electro-polymerization
process (vide infra).”>~*” We found no change in the UV—vis
spectrum of the PTH®" radical in absence of CTA 1 over the
time scale of ~25 min (Figure 2d, black squares), and hence
no measurable decomposition of the PTH** radical (Figure
S8). When CTA was added to the long-lived PTH®" radical in
solution the absorption signal at 782 nm decayed over the

12281

course of ~25 min (Figure 2d, red circles). From this data, we
were able to resolve the reaction rate of CTA 1 oxidation by
PTH"®*. The overall order of reaction was determined to be
second order (first-order in PTH and first-order in CTA 1)
with a rate constant k = 0.272 + 0.017 M™' 57! (see Figures
S8—S514 and associated details in the Supporting Information
for the kinetic analysis). From these experiments, we surmised
that the electrogenerated PTH radical cation can oxidize CTA
1 slowly and posit that it may be the rate-limiting step for the
initiation of chain transfer polymerization.

To validate whether PTH radical cation can initiate cationic
polymerization in the presence of CTA 1, we first
demonstrated that PTH®*'BF, can oxidize CTA 1 in
dichloromethane (DCM) to generate 80% of bis(ethylsulfanyl
thiocarbonyl)disulfide as shown in Figure S19. Next, we
reacted pregenerated PTH**BF; (2.5 mol %), CTA 1 (1 mol
%), and IBVE (100 mol %) in DCM at ambient temperature.
To our satisfaction, full conversion to PIBVE (M, = 36 kg/
mol, polydispersity D = 1.40) was observed after 3 h (Figure
3). These results along with the CV data (Figure 2)

https://doi.org/10.1021/jacs.1c05431
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Figure S. Temporal control of polymer growth initiation and
reversible termination using PTH catalyst under the optimized
reaction conditions with (a) light stimulus (see Table S2, entry 1) or
(b) electrochemical stimulus (see Table S1, entry 1).

demonstrate the ability of PTH to undergo reversible
electrochemical oxidation and initiate the cationic polymer-
ization of IBVE via selective oxidation of CTA 1.
Development of Orthogonal Polymerization Con-
ditions Using PTH. Encouraged by these results, we turned
our attention to identifying conditions that would favor
polymer growth via photochemically controlled radical
polymerization of methyl acrylate (MA) and electrochemically
controlled cationic polymerization of isobutyl vinyl ether
(IBVE), catalyzed by PTH. The use of PTH for photo-
mediated, controlled radical polymerization has seen tremen-
dous growth since the introduction in 2014,%® with a number
of important contributions continuing to expanding the utility
of metal-free photoredox catalysis.’”~** To test the feasibility
of the photochemically controlled strategy using CTA 1, we
irradiated a mixture of PTH (9.68 mM), CTA 1, (10 mM) and
MA (1000 mM) (monomer commonly used in radical
polymerization) in DCM with 365 nm LED light, polymer
with a broad dispersity D of 1.56 was obtained after 22 h. We
attributed the lack of polymerization control to absorption
overlap at 365 nm, which precluded a selective excitation of
PTH in the presence of CTA 1 (Figure 2c). Hence, we sought
further improvement by switching to longer wavelengths to
avoid an absorbance overlap between CTA 1 and PTH and to
avoid a potential background iniferter polymerization that
might lead to a competing background reaction. Indeed,
switching to a 380 nm LED (& 3 mW/cm?) light source

yielded a polymer with a narrower dispersity D of 1.33 after 22
h (Figure 4a). Under the optimized reaction conditions, 50%
monomer conversion was observed within 4 h, reaching 90%
conversion over 22 h (Figure 4b). Importantly, the number-
average molecular weight M, linearly increased and D
decreased as the reaction extended, suggesting tuned control
of polymer growth using the optically excited PTH catalyst
(Figure 4c). Moreover, a linear dependence of In[M],/[M], on
time was observed (Figure 4d), suggesting a pseudo-first-order
kinetic behavior characteristic of a living radical polymer-
ization. Series of control experiments confirmed that PTH,
CTA 1, and light excitation are all necessary for achieving
controlled radical polymerization (Table S2).

To test the ability of PTH to mediate the electrochemically
controlled cationic polymerization, we began with constant
current conditions (galvanostatic rather than potentiostatic
control) to oxidize PTH using a divided electrochemical cell
(Figure S21). In this way, a constant and known flux of PTH
radical cation was generated prior to the polymerization
initiation process. Applying an anodic current of 1.0 mA for 5
min to a solution of PTH, IBVE, CTA 1, and tetra-n-
butylammonium perchlorate (["Bu,N][ClO,]) in DCM
furnished a poly(isobutyl vinyl ether) PIBVE with a P of
1.40 after 22 h. The polymer dispersity was further improved
by lowering the applied constant current to 0.1 mA for 5 min,
yielding polymers with a narrow dispersity (P = 1.32) within 4
h (Figure 4e). Next, we monitored the progress of the
polymerization as a function of time to demonstrate the
control over polymer growth (Figure 4f). The polymer
polydispersity decreased and M, linearly increased as expected
for a controlled chain growth process (Figure 4g). It is worth
noting that the polymers obtained from direct electrolysis of
the CTA 1 displayed broad dispersity D = 2.48 and a lack of
control, which highlights the critical role of the PTH catalyst
for the successful electromediated synthesis (see Table SI,
entry 7). Without PTH, the CTA 1 will be directly oxidized on
the electrode surface, resulting in a large number of locally
generated cations and leading to unwanted side reactions.
Instead, by having PTH as a mediator, PTH was oxidized
preferentially rather than CTA 1, and the in situ generated
PTH®*" could distribute into the solution to form a
homogeneous solution. Then, PTH** will slowly react with
CTA 1 (k = 0272 + 0.017 M™' s7!) to initiate the
polymerization in a slower but more controllable way. This
spatial (heterogeneous vs homogeneous) and kinetics (fast vs
slow) difference between mediated and direct electrolysis
highlights the advantage of using a mediator.’** Of note,
similar to photochemically controlled radical polymerization of
MA, a linear dependence of In[M],/[M], on polymerization
time was observed (Figure 4h), suggesting a pseudo-first-order
kinetic behavior characteristic of a living cationic polymer-
ization.

Temporal Control of Both the Photo- and Electro-
stimuli. The ability to control when and where a monomer
addition takes place is critical for tailored synthesis of new
polymers. To demonstrate temporal control over polymer
growth, we subjected CTA 1, MA, and PTH to on/off
irradiation cycles with the light stimulus. We expect chain
growth to occur only during the light-on stage and remain
dormant during the light-off stage. Indeed, irradiating the
reaction mixture for 30 min resulted in a monomer to polymer
conversion that was completely halted in the absence of a
photonic stimulus. This cycle was repeated several times, with
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Figure 6. On-demand synthesis of di- and triblock copolymers using orthogonal electro- or photochemical stimulus. (a) PTH catalyzed orthogonal
stimuli controlled on-demand polymerization mechanism switching; (b) GPC traces of PIBVE homopolymer (red trace) and PIBVE-b-PMA)
diblock copolymer (blue trace); (c) GPC traces of PMA homopolymer (blue trace), PMA-b-PIBVE diblock copolymer (red trace), and PMA-b-

PIBVE-b-PEA triblock copolymer (green trace).

polymer growth observed only when the light stimulus was
applied (Figure Sa). These data show an excellent temporal
control of the polymerization process under the photochemical
conditions that we have carefully found.

To gain insight into temporal control over polymer chain
growth using electrochemical stimulus, we galvanostatically
triggered a mixture of PTH, IBVE, CTA 1, and["Bu,N][ClO,]
in DCM solvent to +0.1 mA anodic current for 5 min. This
induced a fixed flux of PTH toward the electrode surface,
consequently controlling the amount of generated PTH radical
cation. After forming the radical cation in solution, we
reasoned that electrochemically controlled polymerization
could self-propagate, even without applying oxidizing current,
and could be terminated by applying the opposite polarity
using —0.1 mA current. As hypothesized, applying an oxidizing
galvanostatic current followed by open circuit potential
reinitiated the cationic-RAFT polymerization in contrast to
reductive currents that rapidly terminated the polymer
propagation (Figure Sb). Importantly, the “on-demand” on
and oft switching phenomenon of the cationic polymerization
was demonstrated during the monomer to polymer synthesis,
regardless of the extent of conversion.

Sequence Controlled Polymerization. We have so far
demonstrated the ability of PTH to serve as a single catalyst
platform to mediate both electrochemical and photochemical
polymerization of IBVE and MA, respectively. With these
optimized conditions in hand, we directed our attention to the
synthesis of di- and triblock copolymers using an orthogonal-
stimuli strategy. By this, we aimed to demonstrate the on-
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demand switching between the radical and cationic polymer-
ization mechanisms at any given point during the extent of
reaction. Specifically, through modulation of the two stimuli,
block copolymer structures consisting of PMA and PIBVE can
be accessed. The success of this approach hinges on the ability
to switch between radical (MA) and cationic (IBVE)
mechanisms, initiated by either the reduction (photochemical)
or the oxidation (electrochemical) of the trithiocarbonate
chain end. Operationally, we envisioned switching from
cationic to radical polymerization mechanism by simply
irradiating PIBVE under the optimized conditions in the
presence of MA monomer (Figure 6a, bottom path). However,
switching from radical to cationic mechanism is hampered by
the formation of the unfavorable ester a-cation (Figure 6a, top
path). Previously, Fors and Kamigaito have independently
shown the ability to circumvent this limitation by simply
adding small amounts of IBVE to generate the S, O-mixed
acetal chain-end that enables subsequent cationic polymer-
ization.”**’

Starting with the equimolar ratio of IBVE and MA
monomers, we first synthesized the PIBVE homopolymer
through electrochemically controlled cationic polymerization
of IBVE and analyzed this polymer by gel permeation
chromatography (GPC) (Figure 6b, red GPC trace). As
expected, no MA monomer incorporation is observed during
this polymerization step. Importantly, when the electro-
chemical excitation is stopped and the photochemical process
is turned on using 380 nm light excitation, we observed
efficient chain extension of the MA-based monomer, furnishing
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PIBVE-b-PMA diblock copolymer (Figure 6b, blue GPC
trace).

Finally, we set out to demonstrate the ability to change the
order of the two applied stimuli by synthesizing a well-defined
triblock and tetra-block copolymers. Irradiating an equimolar
solution of MA (100 mol %) and IBVE (100 mol %) with 380
nm light provided PMA polymer with 34% IBVE incorporation
(Figure 6c, blue GPC trace). The incorporation of IBVE
during the radical polymerization is consistent with prior
results.”” Importantly, switching off the light and switching on
the electrochemical stimulus successfully initiated the cationic
RAFT-polymerization to form PMA-b-PIBVE diblock copoly-
mer as illustrated by the gradual shift in GPC trace (Figure 6c,
red GPC trace) which reflected a gradual increase in the
polymer molecular weight. To monitor the formation of the
triblock, ethyl acrylate (EA) was used, because it can easily
distinguish from MA by "H NMR spectroscopy. As seen by the
'"H NMR (Figure S26) and by the shift in the GPC trace
(Figure 6¢, green GPC trace), a well-defined triblock bearing
three distinct repeat polymers segments was prepared in a
single pot. Interestingly, by altering the sequence of the two
applied stimuli and adding extra polymerization step using
ethyl vinyl ether (EVE), PIBVE-b-PMA-b-PEVE-b-PEA tetra-
block copolymer was synthesized (Figures S27 and S28).
Taken together, these examples demonstrate the ability to
control the precise polymer architecture by an on-demand
control of the polymerization mechanism through the
application of external orthogonal stimuli using PTH as the
dual catalyst, in a single pot.

B CONCLUSION

In summary, we have developed a single catalyst platform that
allows on-demand switching between radical and cationic
reversible addition—fragmentation chain transfer (RAFT)-
polymerization mechanisms by simply applying photo or
electrochemical stimuli. The orthogonal nature of the two
stimuli was critical for the ability to switch between the two
mechanistic pathways required to polymerize both electron-
rich vinyl-based monomers and electron-deficient acrylate-
based monomers. We show that the presence of catalytic
amounts of 10-phenylphenothiazine (PTH), a metal-free
catalyst, reversibly initiates the radical polymerization mech-
anism of methyl acrylate upon irradiation with an adequate
wavelength. Moreover, we showed that the same catalyst can
initiate the cationic polymerization of isobutyl vinyl ether when
exposed to anodic oxidation in a divided electrochemical cell.
Under the optimized reaction conditions, several well-defined
multiblock copolymers were synthesized in a single pot by
simply switching between the two stimuli. Significantly, the
length of each polymer block was dependent on the duration
of the applied stimulus and polyblock architecture was
dependent on the number of times each stimulus is applied.
These results demonstrate the remarkable ability of PTH to
function as a photo- and electroresponsive catalyst to initiate
and reversibly terminate both radical and cationic polymer-
ization. This work also highlights the advantage of using a
metal-free organic catalyst and sets the stage for discovery of
other metal-free catalysts for use in sequence-controlled
polymerization with traceless stimuli.
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