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ABSTRACT: The combination of multiple polymerization mechanisms and monomer classes to make block copolymers is an
ongoing challenge. In particular, the combination of cationic and anionic polymerization mechanisms commonly requires
extra compatibilization steps or the use of multi-functional initiators. Herein, we report the use of thiocarbonyl thio com-
pounds (TCTs) as universal mediators to sequentially polymerize ethyl vinyl ether via photocontrolled cationic polymeriza-
tion (photo-CP) and the thiirane phenoxy propylene sulfide via thioacyl anionic group transfer polymerization (TAGT). Ther-
mal analyses of the resulting block copolymers provide evidence of microphase separation of the blocks. The resulting di-
blocks can be further chain extended using photoinduced electron/energy transfer reversible addition-fragmentation chain
transfer polymerization (PET-RAFT) of N-isopropylacrylamide to make a triblock terpolymer from three different monomer
classes incorporated via three different mechanisms without any end group modification steps. The development of this sim-
ple, sequential synthesis using a universal mediator opens up new possibilities by providing facile access to diverse block

copolymers of vinyl ethers, thiiranes, and acrylamides.

Block copolymers (BCPs) are important and versatile ma-
terials because of their unique properties and functions,
which are dictated by their composition and microstruc-
ture.l? Most BCPs are made from a single polymerization
mechanism where compatible monomers are added se-
quentially,® but the accessible chemical space is limited to
similar monomer classes or to a prescribed addition order
to maintain the active chain-end.# Ideally, polymer chemists
would not be confined to this paradigm, such that disparate
monomers could be combined to access an expanded prop-
erty space. To make this dream a reality, it is necessary to
develop new ways to incorporate different polymerization
mechanisms (e.g., cationic, anionic, radical) into a single ma-
terial.

Polymer chemists can combine multiple mechanisms into
a single polymer chain through a variety of strategies. Com-
mon methods - such as the coupling of two homopolymer
chains,>7 end-group modification,2! or the use of multi-
functional initiators?2-25 - require additional synthetic steps
and/or are limited in the architecture and number of blocks
in the final material. The use of a universal mediator that
can support multiple mechanisms without modification is
an elegant solution to these challenges (Figure 1A). Once
synthesized, the mediator can facilitate multiple mecha-
nisms via a simple sequential addition of the respective
monomers and reaction conditions. Due to the fact that the
mediator stays at the chain end, the user is not limited in the
number of blocks accessible. Thiocarbonyl thio compounds
(TCTs) have been utilized as universal mediators to com-
bine radical and cationic?6-31 as well as radical and anionic
polymerizations32-37 (Figure 1B), but this strategy has not

yet been applied to the historically more-challenging cati-
onic and anionic mechanisms. Due to the rich literature of
cationic?738-43 and anionic32444> homopolymerizations us-
ing TCTs, we hypothesized that proper selection of the R
and Z groups on the mediator would fill this gap.

Herein, we report a simple multi-pot sequential polymer-
ization that combines photocontrolled cationic polymeriza-
tion (photo-CP) and thioacyl anionic group transfer
polymerization (TAGT) to generate novel BCPs of poly(vinyl
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Figure 1. (A) General scheme for the synthesis of BCPs using a
universal mediator. (B) Previous TCT universal mediator re-
ports for radical/cationic and radical/anionic and this work on
cationic/anionic polymerization.
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ether)s and poly(thiirane)s. We explored the effect of [mon-
omer]:[TCT] on polymerization control and thermal prop-
erties of the new BCPs via thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC), which
supports microphase separation of the two blocks. Taking
advantage of the versatility of radical polymerization, we
further chain extended the BCPs with N-isopropylacryla-
mide (NIPAM) using photoinduced electron/energy trans-
fer reversible addition-fragmentation chain transfer
polymerization (PET-RAFT). This novel triblock terpolymer
is produced from three different mechanisms and three
monomer classes without any end-group modification us-
ing this universal mediator approach.

We began our compatibilization efforts by adapting re-
ported reaction conditions for photo-CP4¢ and TAGT.3? For
the cationic system, we used the classic oxidizing photocata-
lyst, 2,4,6-tri-(p-methoxyphenyl)pyrylium tetrafluorobo-
rate (PC), in DCM. For the anionic polymerization, we used
tetraphenyl phosphonium chloride (TPPCI) as the nucleo-
philic catalyst in DMAc. We chose ethyl vinyl ether (EVE) as
the monomer for photo-CP due to the solubility of p(EVE) in
DMACc.#” Phenoxy propylene sulfide (POPS) was chosen as
the TAGT monomer due to its precedence in compatibilized
systems3335364445 and its high boiling point allowing for
ease of manipulation. All runs were characterized by 'H
NMR spectroscopy and size-exclusion chromatography
(SEQ).

We screened a variety of TCT mediators, varying the R
and Z groups. For photo-CP, the identity of the R group is
vital for initiation of the cationic process - requiring a thio-
acetal chain end.31484% We screened TCT1 first because it
has been used to mediate photo-CP compatibilized with
radical polymerization,*® though it is important to note that
a high degree of purity is required for good control when

polymerizing EVE.50 As expected, TCT1 gave good conver-
sion, molar mass that matches closely with the theoretical
value, and low dispersity for photo-CP (Table 1, entry 1a)
but resulted in poor control and very board dispersity
(3.55) for TAGT (entry 1b). Similarly, the symmetrical me-
diator TCTZ2, which is commonly used for TAGT,3335 re-
sulted in well-controlled polymerization for TAGT (entry
2b) but poor control over molar mass and a broad disper-
sity (2.51) for photo-CP (entry 2a). Excitingly, combining
the vinyl ether-derived R group of TCT1 and the trithiocar-
bonate Z group into TCT3 resulted in moderate control of
both photo-CP and TAGT (entries 3a and 3b). These data
validate that the R group is very important for photo-CP and
that the identity of the Z group plays an important role in
control of both mechanisms.

While the high solubility of p(EVE) was beneficial for the
compatibilization with the TAGT conditions, it also made
purification difficult. While both residual monomer and
DCM were volatile enough to be removed in vacuo, the PCis
a solid that we wanted to remove via precipitation. Unfortu-
nately, we found p(EVE) was soluble in a wide range of sol-
vents - such as methanol, water, ethyl acetate, diethyl ether,
and hexanes. Purification via dialysis was also unsuccessful.
These purification challenges meant we were unable to ef-
fectively remove the PC from the photo-CP polymers.
Therefore, we tested the effect of varying amounts of PC on
the TAGT (see Supporting Information, Section S2.A). We
found at high loadings, PC inhibits the anionic polymeriza-
tion (10% conversion is seen at 5 mol % relative to TCT).
However, at 3.3 mol % relative to TCT, most of the activity
is retained (Table 1, entry 4b). During this exploration, we
discovered the photo-CP still achieved 98% conversion at
half of our standard loading (entry 4a). Therefore, in order

Table 1. Optimization and identification of an appropriate universal mediator for cationic polymerization of EVE and

anionic polymerization of POPS.
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(%) (kDa) (kDa)ld] (%)Ll (kDa) (kDa)[d
TCT1 la 95 3.7 3.8 1.13 1b 92 15.8 97.2 3.55
TCT2 2a >99 3.9 6.2 2.51 2b >99 17.4 16.5 1.22
TCT3 3a >99 3.8 3.8 1.34 3b 88 15.6 19.5 1.35
TCT3 4alel 98 3.8 4.5 1.17 4blfl 79 12.2 15.2 1.35
TCT3 5algl <1 - - - 5b - - - -
- 6a 99 - 10.1 1.95 6b 73 - 289.6 1.87

[a] Cationic standard conditions: TCT (1 eq.), EVE (50 eq.), PC (2 mol % relative to TCT), DCM, RT, 456 nm LED, 6 h. [b] Anionic
standard conditions: TCT (1 eq.), POPS (100 eq.), TPPCI (0.33 eq.), DMAc (1 mL), 60 °C, 6 h. [c] Conversion measured via 1H NMR
spectroscopy. [d] Measured via SEC in DMF against PMMA standards. [e] Polymerization run with 1 mol % of PC relative to TCT.
[f] Polymerization run with 3.3 mol % of PC added relative to TCT. [g] Polymerization run with no PC.
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to minimize the amount of PC contamination for chain ex-
tensions, we continued using the halved PC loading moving
forward.

Control experiments show that no p(EVE) was made in
the absence of PC (entry 5a) and that TCT is necessary for
controlled polymerization in both cases (entries 6a and 6b).
Successful polymerization of EVE without the presence of a
mediator is evidence of direct oxidation of the vinyl ether
monomer by PC, but previous studies have shown that TCT
oxidation occurs much faster than direct monomer oxida-
tion at low [vinyl ether]:[TCT] ratios.5°

With standard conditions determined for each mecha-
nism, we performed a monomer to TCT3 ratio screen for
both photo-CP and TAGT to determine control over a wide
molar mass range (Figure 2, for tabulated data, see Section
S2.B). Photo-CP performed well when [EVE]:[TCT] was 50
and 100 - resulting in a close match of My to Mnheo. and a low
dispersity. However, at larger [EVE]:[TCT], the molar
masses begin to deviate from theoretical, which is common
for photo-CP due to the direct oxidation of monomer by PC
being more prevalent when increased amounts of monomer
are present. This oxidation acts as a competing initiation
pathway, leading to more chains and resulting in a lower
Mn51 TAGT performed well for all [POPS]:[TCT] screened
and resulted in good agreement with calculated theoretical
M achieving molar masses up to 53 kDa while maintaining
a low-to-moderate dispersity (<1.55). These results show
good control over each homopolymerization using TCT3,
validating its promise as a universal mediator for these two
mechanisms.
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Figure 2. Molecular weight screen of (A) photo-CP and (B)
TAGT homopolymerizations. Black square: number-average
molecular weight (Mx). Red circle: Dispersity (D).

After simple removal of remaining EVE monomer and
DCM via drying in vacuo, the p(EVE) samples were used as
macro-mediators for chain extension via TAGT. Initially, we
performed a chain extension screen using 50, 100, 200, and
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300 equivalents of monomer to TCT for both the p(EVE) and
p(POPS) blocks (Figure 3A, for tabulated data, see Support-
ing Information Section S2.C). After 6 hours of heating the
samples, we observed peaks in the 'TH NMR spectra corre-
sponding to p(POPS). Excitingly, the SEC traces of the ob-
tained polymers showed a clean shift of the peak to a lower
retention time compared to the starting p(EVE) peak,
demonstrating clean chain extension to form p(EVE)-b-
p(POPS) BCPs (Figure 3B). For polymers starting with
P(EVE)200 or p(EVE)300, a bimodal peak was observed in the
SEC, which is explained by the increased level of direct oxi-
dation of EVE monomer, leading to p(EVE) chains without
the TCT chain ends (Section S2.C). Despite some loss of con-
trol at high molar masses, these chain extensions represent
the first examples of sequential cationic-anionic polymeri-
zation using a TCT universal mediator.

Unfortunately, during the purification process via precip-
itation in methanol, we encountered fractionation of the
p(EVE)-b-p(POPS) BCPs on the basis of the relative compo-
sition of the p(EVE) and p(POPS) blocks (Section S2.D). To
avoid this fractionation from interfering with the polymer
characterization, the chain extension screen was repeated -
focusing on the block lengths that retained control (i.e., 50
and 100 equivalents of monomer relative to TCT) - and the
resulting BCPs were purified using preparative SEC
(prepSEC) (Table 2). As the ratio of [POPS]:[p(EVE)] went
up from 50 to 100, the conversion of chain extension went
up as well (compare entries 1 and 2 or 3 and 4), which we
hypothesize is due to the higher concentration of monomer
resulting in a chemical environment more similar to a POPS
homopolymerization. Additionally, we observe lower con-
version of POPS when using larger p(EVE) macro-media-
tors, which we hypothesize is due to the larger amount of
residual PC, along with mass transport limitations. Similar
to our initial chain extension screen, all BCPs showed clean
peak shifts to lower retention times in the SEC relative to
p(EVE) homopolymer (Section S2.E).

We next investigated the thermal characteristics of the
BCPs purified by prepSEC. TGA revealed multi-stage degra-
dations corresponding to the different blocks. Extrapolated
onset temperatures of degradation (7o) were measured for
these BCPs and compared to the corresponding homopoly-
mers (Section S2.F). All BCPs have a moderately high ther-
mal stability, possessing an initial major T, from 271-283
°C, corresponding to the p(POPS) block, followed by a sec-
ond To from 373-379 °C, corresponding to the p(EVE) block
(Figure 4A). As expected, the % mass loss attributed to each
of these degradation events corresponds to the size of the
respective blocks. For example, the p(POPS) T, accounts for

time (min)

Figure 3. (A) Reaction scheme for chain extension of p(EVE) with POPS via TAGT. (B) Representative SEC traces showing chain ex-

tension from p(EVE) homopolymer to p(EVE)-b-p(POPS).
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Table 2. Select chain extensions of p(EVE) with TAGT

starting : o)1 [c] M [l oC)d] °C)lel
entry polymer [POPS]:[p(EVE)] conv. (%) Mhn (kDa) (kDa)l D To (°C) Tg (°C)
1 (EVE) 50:1 55% 10.3 14.7 143 283,376 -30,18
2 p 50 100:1 61% 18.7 27.4 147 272,375 -32,19
3 EVE) 50:1 36% 10.4 15.2 146 271,373 41,4
4 p 100 100:1 44% 18.0 27.2 151 277,379 49,4

[a] Standard reaction conditions: p(EVE) (4.0 umol, 1 eq.), POPS (n eq.), TPPCI (0.33 eq.), DMAc (15 uM p(EVE)), 6 h, 60 °C [b]
conversion measured via 1H NMR spectroscopy. [c] Measured via SEC in DMF with 0.025 M LiBr against PMMA standards. [d]

Measured using TGA. [e] Measured using DSC.

approximately 25%, 50%, and 75% of the total mass loss for
P(EVE)100-b-p(POPS)so  (Figure  S20),  p(EVE)1io0-b-
p(POPS)100 (Figure 4A), p(EVE)so-b-p(POPS)100 (Figure
$19), respectively. A small mass loss event is seen for each
BCP around 150 °C which we attribute to an unidentified
small molecule mass loss in the p(EVE) blocks that was also
observed in the multi-stage degradation of the p(EVE) ho-
mopolymer (Figure S16).

Next, DSC revealed two glass-transition temperature (Tg)
features for each BCP (Figure 4B), indicating that mi-
crophase separation between the two blocks has oc-
curred.>? The two Tg's match closely to their respective ho-
mopolymers (Figure S22 and S23): the lower Tg (-49--30
°C) originates from the p(EVE) block, and the higher T (4-
19 °C) originates from the p(POPS) block.
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Figure 4. (A) TGA and (B) DSC of p(EVE)100-b-p(POPS)100 with
To and T features corresponding to p(POPS) (solid red box)
and p(EVE) (dashed blue box).

The utility of the universal mediator is the fact that it sup-
ports multiple mechanisms while staying at the chain end.
This end-group fidelity allows for the incorporation of a
radical polymerization on our newly synthesized cationic-
anionic BCPs to make a novel terpolymer. TCT compounds
have also been reported to serve as a mediators in PET-
RAFT utilizing a reducing photocatalyst.3353-62 Thus, we
performed PET-RAFT using tris[2-phenylpyridinato-
C2,N]iridium(III) (Ir(ppy)s) as the photocatalyst to extend
our p(EVE)100-b-p(POPS)100 macro-mediator with NIPAM
(Figure 5). Excitingly, we observed a complete shift of the
SEC peak corresponding to the diblock to a higher molar
mass, indicating successful triblock formation. Due to the
low molar mass tailing, we hypothesize that the shorter
chains of the macro-mediator did not extend as cleanly as
the higher molar mass chains. To the best of our knowledge,
the only other example of combining radical, cationic, and

anionic polymerization sequentially was reported by the
Kamigaito group in 2019,%3 but this system did not use a dif-
ferent monomer class for each mechanism, and the end
group was modified after anionic polymerization to access
the cationic and radical mechanisms. Therefore, our proto-
col represents the first report of combining cationic, ani-
onic, and radical polymerizations in a single chain without
any intermediate compatibilization or end-group modifica-
tion steps to synthesize block copolymers of three different
monomer classes.

radical chain extension
p(EVE)-b-p(POPS)
Ir(ppy)3, DCM,

456 nm, 48 h
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Figure 5. Radical chain extension from p(EVE)-b-p(POPS) di-
block to make a block terpolymer from three different mecha-
nisms and three different monomer classes.

In summary, we identified and applied TCT3 as a univer-
sal mediator for photo-CP of vinyl ethers and TAGT of
thiiranes in a simple, sequential procedure. The choice of
TCT and monomer compatibilized the two mechanisms, al-
lowing for complete chain extension of p(EVE) with POPS to
form novel p(vinyl ether)-b-p(thiirane) diblock copolymers
with a range of block lengths. These materials exhibited two
Tg features in the DSC thermograms, suggesting microphase
separation into two distinct domains. The utility of TCT3
was further demonstrated by successfully extending the
p(EVE)-b-p(POPS) diblock using PET-RAFT of NIPAM to
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form a p(EVE)-b-p(POPS)-b-p(NIPAM) triblock terpolymer.
Future work will focus on expanding the utility of this sys-
tem as well as further characterization and application of
these novel materials.

ASSOCIATED CONTENT

Additional polymer characterization, including SEC chromato-
grams, TGA and DSC thermograms, tabulated data, experi-
mental details, methods, reagent sources, synthetic proce-
dures. This material is available free of charge via the Internet
at http://pubs.acs.org.
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