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ABSTRACT: Synchronously and thoroughly adjusting the chemical structure difference between two blocks of diblock
copolymer is very useful for the design of materials, but difficult to achieve via self-switchable alternating copolymerization.
Here, we report the self-switchable alternating copolymerization from a mixture of two different cyclic anhydrides, epoxides,
and oxetane, where a simple alkali metal carboxylate catalyst switches between ring-opening alternating copolymerization
(ROCOP) of cyclic anhydrides/epoxides and ROCOP of cyclic anhydrides/oxetanes, resulting in the formation of a perfect
block tetrapolymer. By investigating the reactivity ratio of these comonomers, a reactivity gradient was established,
enabling the precise synthesis of block copolymers with synchronous adjustment of each unit chemical
structure/sequence/topology. Consequently, a diblock tetrapolymer with two glass transition temperatures (T,) can be
easily produced by adjusting the difference in chemical structures between the two blocks.

INTRODUCTION

The properties of block polymers can be adjusted by
varying their monomer sequence. Consequently, this
endows block polymers with the ability to provide a
platform for the production of a wide range of advanced
materials, with applications in drug delivery,”> data
storage,> microelectronics,*> and nanolithography.®
Regarding the synthesis of block polymer, self-switchable
polymerization is the most promising method because
because it applies mixtures of monomers and uses a single
catalyst that spontaneously connects different catalytic
cycles to produce block sequence,’* thereby overcoming
the disadvantages of conventional procedures, e.g.,
sequential monomer addition approach and coupling of
pre-made blocks.>*+*5

Until now, self-switchable polymerization has been
applied to a variety of polymerization cycles, including
cyclic ester ring-opening polymerization (ROP),742>
epoxide ROP,**® epoxide/CO, ring-opening alternating
copolymerization (ROCOP),>'>*7 epoxide/cyclic anhydride
ROCOP,-3 epoxide/isocyanate ROCOP,**
episulfide/isothiocyanate ROCOP,333¢ N-sulfonyl

aziridines/cyclic anhydride ROCOP 353
thioanhydride/epoxide,?” and
anhydrides/epoxides/tetrahydrofurans ROCOP,*® leading
to one-step synthesis of polyesters, poly(ether-alt-ester),
polyurethanes, polythioether-b-poly(episulfide-alt-
isothiocyanate), poly(ester amide)s, and polyester-b-
p(ester-alt-thioester), respectively. For the self-switchable
alternating copolymerization, it is extremely difficult to
simultaneously and thoroughly adjust the chemical
structure difference between two blocks of the diblock
copolymer for the one-step synthesis of block copolymers.
Hadjichristidis et al., recently used an organocatalyst to
switch between epoxide/cyclic anhydride ROCOP and N-
sulfonyl aziridines/cyclic anhydride ROCOP, resulting in
perfect diblock terpolymers with two completely distinct
blocks.3 Li et al., designed the metal complex catalyst and
used it to connect epoxide/cyclic anhydride ROCOP and
epoxide/thioanhydride ROCOP.37 Although these catalytic
systems have represented significant progress in increasing
the structural diversity of block polymers, the same
monomer was incorporated in the two polymerization
cycles. The chemical structure difference between two
blocks is too small for block phase separation, which limits
the resulting thermal mechanical properties.



In addition, the self-switchable polymerization involving
ROCOP of anhydride/oxetane are rare, and ROCOP with
oxetanes are more challenging because of the low ring
strain.3® Regarding ROCOP of anhydride/oxetane, bulky
titanium bisphenolates as an initiator leaded to the
formation of ether link.** Quaternary onium salts can also
be used as an initiator for ROCOP of anhydride/oxetane,
avoiding the formation of ether link and showing the
perfect selectivity.# However, the relative high dispersity
of the synthesized polymers is obtained. Although metal
complex catalysts can be used as a catalyst for the system,
resulting good control, the toxic metal residuals, to some
extent, would limit their potential in food packing and
biomedical devices.®

To address these barriers, a simple alkali metal carboxylate
was used for the first time to catalyze ROCOP of
anhydride/oxetane, resulting in polyesters with predictive
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molecular weights and extremely narrow dispersity. We
connected this anhydride/oxetane ROCOP with cyclic
anhydrides/epoxides ROCOP in order to create a self-
switchable alternating copolymerization. The “epoxide >>
oxetane” reactivity gradient was determined by comparing
the reactivity ratio of the two monomers. Additionally, by
combining the established reactivity gradient among
different cyclic anhydrides,® perfect di-/tri-block
tetrapolymers were synthesized from four monomer
mixtures (two different cyclic anhydrides, epoxides, and
oxetanes) using a one-pot/one-step procedure, allowing
multi-dimensional control of each wunit chemical
structure/sequence/topology (Scheme 1), which provides
an opportunity to design block polymers with the targeted
thermal mechanical properties and function for high-value
emerging applications.

Anhydride1 :

: Epoxide : Oxetane=2:1:1:2

Scheme 1. One-step synthesis of multiblock polymers from a monomer mixture. DA = diphenic anhydride, TA = trimellitic
anhydride PA = phthalic anhydride, NA = 5-norbornene-endo-2,3-dicarboxylic anhydride, AGE = allyl glycidyl ether, CHO
= 1,2-epoxycyclohexane, BGE = benzyl glycidyl ether, MO = 2-((naphthalen-2-yloxy)methyl)oxirane, PPA = 3-phenyl-1-
propanol, ROCOP = ring-opening alternating copolymerization, ROP = ring-opening polymerization.

RESULTS AND DISCUSSION
ROCOP of anhydrides and oxetane

Initially, ROCOP of phthalic anhydride (PA) with 3-ethyl-
3-(phenoxymethyl)oxetane (EPO) was carried out using
cesium pivalate (¢-BuCO,Cs) and 1,4-benzenedimethanol
(BDM) as the catalyst and bidirectional initiator at 100 °C,
with a [anhydride],/[oxetane],/[BDM],/[t-BuCO,Cs] ratio
of15/90/1/1. The copolymerization of PA with EPO reached
around 2% in 30 h (entry 1in Table 1), indicating a very low
polymerization rate at this temperature. Accordingly, we
attempted to increase the reaction temperature from 100
to 130 °C, and the ROCOP reached 86.0% in 19h, resulting
in a perfect alternating sequence distribution with a
narrow dispersity (P = 1.13, entry 2 in Table 1 and Figures
S1-S3). After PA was fully consumed in 29 h (Mysec = 5.5
kDa), 15 equiv of PA was introduced to verify the living

polymerization behavior of the catalytic system. The
addition of PA immediately restarted the propagation from
the terminus of P(PA-alt-EPO), in which M, nwr values
increased from 5.5 to 7.3 kDa when PA conversion reached
175% in 56 h and dispersity remained narrow (P =1.13, entry
3 in Table 1 and Figures S4-Ss), indicating living behavior.
The molecular weight M, wxmr values of the obtained
copolymer [P(PA-alt-EPO)] correlated linearly with PA
conversion, and kinetics analysis revealed that the ROCOP
of PA with EPO followed zero-order kinetics (entry 4 in
Table 1 and Figure 1). Matrix-assisted laser desorption
ionization time-of-flight mass spectrometry (MALDITOF
MS) MALDITOF MS was utilized to confirm the structure
and terminal functional groups of the obtained P(PA-alt-
EPO). The major series of repeated peaks corresponded to
the adduct of poly(PA-alt-EPO) with BDM as the initiator
and two PA as the two end groups of the chains (Figure 2).
Also assignable to BDM-initiated poly(PA-alt-EPO) were
two minor series of peaks with two EPOs at two chain ends



or PA and EPO at two chain ends, respectively. This results indicate that the copolymers have perfectly

indicates that the insertion rate of PA is significantly alternating units of PA and EPO, with no
higher than that of EPO, resulting in the rapid occupation transesterification side reaction occurring during
of chain ends by PA. Other minor series of peaks resulted polymerization.

from polymerization initiated by water (PA-alt-EPO). The

Table 1. The ROCP of anhydrides and oxetanes catalyzed by cesium pivalate.?
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entry monomers Initiator time [h] ;::;l;r[:ﬁi) TOF® [h] i\é:];]a] i\ﬁ:g]:]]{ i\ﬁ:g}: pd
e PA/EPO BDM 30 2.0

2 PA/EPO BDM 19 86.0 0.68 4.4 4.3 3.1 113
3 PA/EPO BDM 56 175 n.d. 9.1 8.9 73 113
84 PA/EPO BDM 25.5 96.2 n.d. 6.7 6.7 6.4 1.08
5 PA/AMEO BDM 44 78.6 0.27 3.7 3.5 2.3 132
86 PA/TO BDM 4 91.6 3.44 3.9 3.8 3.7 113
ho PA/TO BDM 120 89.8 n.d. 89.7 83.1 27.7 1.07
8 DA/EPO BDM 18 99.0 0.83 6.3 6.2 3.4 1.21
ig DGA/TO BDM 72 99.0 n.d. 2.7 3.0 2.2 1.38
10 TA/ EPO BDM 17 99.0 0.87 8.8 8.9 4.5 1.78
1 PA/EPO BA 144 55.0 0.05 2.9 n.d. 2.9 117
12 PA/EPO PET 19 98.0 0.77 5.1 5.0 3.4 1.08
13 PA/EPO MDA 24 89.0 0.56 4.7 4.5 4.5 114

2Polymerization conditions at a [anhydride],/[oxetane],/[BDM],/[t-BuCO2Cs], ratio of 15/90/1/1 at 130 °C in the
bulk under an Ar atmosphere. "Determined by 1H NMR analysis of the obtained polymer in CDCl; and TOF =
turnover frequency. ‘Theoretical Mn values. ‘Determined by SEC analysis of the obtained polymer in THF with a
PSt standard. °The polymerization was performed at 100 °C. ‘The initial ratio of [PA],/[EPO],/[BDM],/[t-
BuCO2Cs], is 15/90/1/1, and the additional 15 equiv of PA was introduced after PA was fully consumed in 29 h.
8[PA],/[TO]o/[BDM],/[t-BuCO2Cs], = 20/90/1/1. "[PA],/[TO],/[BDM],/[t-BuCO2Cs], = 484/2178/1/1. ‘Polymerization
was performed at 110 °C.



On the basis of the above-mentioned studies, a plausible
mechanism for the copolymerization of PA and EPO is
proposed (Scheme 2). The carboxylate activates the
initiator via H-bonding, and a cesium cation activates the
carbonyl group of the anhydride. Because the hydroxyl
group of the initiator is nucleophilic and PA activated by a
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cesium cation shows extremely high electrophilicity, the
activated PA is prone to nucleophilic attack from the
cesium pivalate activated hydroxyl group®>. The forming
carboxylate species is sufficiently reactive to react with the
cesium cation-activated EPO via nucleophilic attack
(Figure S6), resulting in the formation of a copolymer with
a perfect alternating chemical structure.44
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Scheme 2. Proposed mechanism of ROCOP from a mixture of PA and EPO with cesium pivalate as the catalyst and alcohol as the

initiator.
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Figure 1. The kinetics analysis of the PA/EPO ROCOP (entry 4 in Table 1): (a) Dependence of Mpnmr and P on the monomer
conversion. (b) Evolution of SEC traces (THF). (c) Zero-order kinetic plot for the PA/EPO ROCOP.

A variety of cyclic anhydrides and oxetanes were evaluated
in order to confirm the potential of the copolymerization
for a large library of structurally and functionally diverse
monomers. Using PA as a model anhydride, the current
catalysis system was applied to two additional oxetanes. A
less active 3-((allyloxy)methyl)-3-ethyloxetane (AMEO)
was copolymerized with PA, producing a functional

copolymer for post-modification (entry 5 in Table 1 and
Figures S7-Sg). Trimethylene oxide (TO) has the highest
activity of these monomers because of without any
substituent.?® After 4h, the PA conversion reached 91.6%,
resulting in copolymers with a narrow dispersity (entry 6
in Table 1 and Figures S10-S12). The MALDITOF MS results
indicated that the major series of peaks corresponded to
the sodium adduct of poly(PA-alt-TO) containing BDM as



the initiator and two PA or two TO at the two chain ends,
and that no transesterification side reaction was observed
(Figure S13). The highest molecular weight of P(PA-alt-TO)
can reach 27.7 kDa (entry 7 in table 1and Figure S12b). Then,
utilizing EPO as the oxetane, numerous anhydrides were
investigated. Compared to PA, faster conversion of
diphenyl anhydride (DA) was observed during
copolymerization of DA/EPO (entry 8 in Table 1 and
Figures S14-S16), which was consistent with the increased
reactivity brought about by the ring strain of the seven-
membered anhydride.** Comparing to TO, EPO is very
difficult to be removed from polymers during the
purification process, which resulted in that peaks of EPO
were observed in 'H NMR spectrum. Additionally, DGA
was used to react with TO, resulting in the P(DGA-alt-TO)
(entry g in Table 1and Figures S17 and S18). Since trimellitic
anhydride (TA) has an additional carboxylic acid group
that can serve as a propagating site for ROCOP, the
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copolymerization of TA/EPO resulted in hyperbranched
copolymers (entry 10 in Table 1 and Figures S19-S21). The
broad SEC trace is likely owing to non-uniform
branching.>>*

The impact of the initiator structure was studied. In
comparison to benzoic acid (entry 11 in Table 1 and Figures
S22 and S23), alcohol exhibited greater initiation efficiency,
enabling the synthesis of copolymers with narrow
dispersity (P = 117). Using the ROCOP initiated by
pentaerythritol (PET), a four-armed star-block copolymer
was synthesized (entry 12 in Table 1 and Figures S24 and
S25). Using N-methyldiethanolamine (MDA) as an amine-
functionalized initiator, a well-defined cationizable
polyester was also prepared, and such a cationizable
polymer is widely used for genetic materials delivery (entry
13 in Table 1 and Figures S26 and S27).%
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Figure 2. MALDI TOF-MS spectrum of the P(PA-alt-EPO) from entry 2 in Table 1.

Terpolymerization of anhydride, epoxide, and oxetane

In previous research, the cesium pivalate catalyst exhibited
a high monomer selectivity and kinetic control for ROCOP
of anhydrides/epoxide.** This motivates us to create a new
self-switchable polymerization system by using this
catalyst to spontaneously connect ROCOP  of
anhydrides/epoxide with ROCOP of anhydrides/oxetane.
The mixture of PA, EPO, and cyclohexene oxide (CHO)
was copolymerized for the first time using cesium pivalate
and BDM as the catalyst and bidirectional initiator,
respectively. The 'H NMR analysis revealed that the initial
PA/CHO copolymerization was followed by ROCOP of
PA/EPO to form perfect triblock copolymers devoid of a
tapered region and with extremely narrow dispersity (entry
1 in Table 2 and Figures S28-S30). The CHO and EPO

reactivity ratio (Figure S31) revealed that the resultant
polymers were most consistent with a nearly perfect
triblock copolymer.#-# To further evaluate the catalytic
pathway, copolymerization was conducted with the
following ratios: [PA],/[CHO],/[EPO],/[BDM],/[t-
BuCO,Cs]: 45/15/90/1/1. After CHO was completely
consumed and EPO conversion reached 7.2%, we added
another 7.5 equiv of CHO to the reaction mixture, causing
PA/EPO ROCOP to temporarily cease and PA/CHO
ROCOP to commence. Perfect chemoselectivity was
observed by 'H NMR analysis of aliquots taken at regular
intervals throughout the process (entry 2 in Table 2 and
Figure 3). Extended reaction time initially caused the
resonance signals of PA (proton 2' at 8.0 and 7.9 ppm) and
CHO (proton 3' at 3.1 ppm) to decrease gradually. During
this time period, there was no signal at 4.0-3.8 ppm
(proton 6), indicating that (PA-alt-EPO) did not form.



ROCOP of PA/EPO begins only after CHO is completely
consumed in 2h (degree of polymerization (DP) of PA is
15.1, DPcno is 15.0, Figures 3a and c), as demonstrated by
the decrease in signal at 41 ppm (proton 6') and the
appearance of signal at 4.0-3.8 ppm (proton 6). 7.5 equiv
of CHO was introduced to temporarily stop the ROCOP of
PA/EPO when conversion of EPO reached 7.2% in 19h
(DPpa is 21.5, DPcyo is 15, DPgpo is 6.5, Figures 3a and c),
and the ROCOP of PA/CHO restarted the propagation
from the terminus of P(PA-alt-EPO)-b-P(PA-alt-CHO)-b-
P(PA-alt-EPO). Only after CHO is completely consumed
again in 21h (DPpy is 28.9, DPcuo is 22.5, DPgpo is 6.5,
Figures 3a and c), does the ROCOP of PA/EPO activate,
resulting in the formation of a heptablock copolymer
(Figures 3 and S32-S34). SEC detects the narrow and
unimodal Bs, and the molecular weight increases
continuously with monomer consumption (Figures 3b),
indicating that the propagation from the mixtures of PA,

displaying a single diffusion coefficient (Figures 3d).> To
confirm that no EPO was incorporated into the P(PA-alt-
CHO) block during polymerization, a copolymerization
was performed from a mixture of PA/CHO/EPO with a
molar ratio of 15/15/90, and the process was terminated
when PA was completely consumed. Utilizing MALDITOF
MS, the chemical structure of the obtained polymer was
analyzed. MALDITOF MS of P(PA-alt-CHO) copolymers
revealed six peaks, with the major series of peaks
corresponding to poly(PA-alt-CHO) with BDM as initiator
and CHO at two chain ends, and the minor series of peaks
resulting from the sodium adduct of poly(PA-alt-CHO)
with BDM or H,O as initiator and two PAs or both PA and
CHO at two chain ends, respectively (Figure S35). The
alcohol end group continued to react with residual CHO
instead of EPO, resulting in the formation of an ether link
at the chain's terminus. This demonstrated that no EPO
was inserted into the P(PA-alt-CHO) and no

CHO, and EPO was well-controlled. The formation of transesterification side reaction occurred during

triblock copolymers rather than blends was confirmed by terpolymerization.

a diffusion-ordered NMR spectroscopy (DOSY) result

Table 2. The self-switchable polymerizations catalyzed by cesium pivalate.”
entry monomers ][Zr/l}[le}s;(diiig]c(‘)//[ ?(r)l)}(lztdarrilde?i Temp. Time  conv.® [%] . Mn,h. EAH'NMR' Masic d

/[BDM]o/[cat.]o [°C] (h) (anhydride, epoxide, and oxetane) ¢[kDa] [kDa]  d[kDa]

1 PA/CHO/EPO 30/15/90/1/1 130 19 PA =89.5, CHO > 99, EPO =13.2 7.9 71 4.9 114
2 PA/CHO/EPO 45/22.5/90/1/1 130 36 PA = 82.9, CHO > 99, EPO =16.1 10.7 9.7 6.1 1.09
3 PA/AGE/EPO 30/15/90/1/1 130 24 PA = 96.3, AGE > 99, EPO =15.6 8.8 7.6 6.2 114
4 DA/NA/EPO 15/15/90/1/1 130 42 DA > 99, NA =58 9.5 n.d. 4.3 1.26
5 TA/NA/EPO 15/15/90/1/1 130 42 TA > 99, NA =84.4 13.3 n.d. 6.1 1.71
6 DA/CHO/NA/EPO 15/15/15/160/1/1 130 30 DA > 99, CHO > 99, NA=64.8, EPO=6.0 8.5 ey 4.9 1.28
7 DA/CHO/NA/EPO 30/15/15/160/1/1 130 56 DA > 99, CHO > 99, NA =54, EPO =144 141 €40.0 6.2 1.23
8 DA/CHO/NA/EPO 15/30/30/160/1/1 130 41 DA > 99, CHO > 99, NA=87.4,EPO=6.7 135 e27.8 6.0 1.23
fg PA/BGE/NA/TO 15/15/15/22.5/1/1 110 14 PA > 99, BGE > 99, NA =74.2, EPO =493 7.3 7.0 7.4 1.21
fe10 PA/MO/NA/TO 20/20/31/62/1/1 10 256 TA > 99, MO > 99, NA = 99, EPO = 49.5 1.5 n.d. 81 1.22
1 TA/AGE/NA/EPO 30/15/15/160/1/1 130 28 TA > 99, AGE > 99, NA = 69.7, EPO =152 19.0 e30.5 6.6 1.79

@ Polymerization conditions: Ar atmosphere. ® Determined by 'H NMR analysis of the obtained polymer in CDCl,.
¢ Theoretical M, values. ¢ Determined by the SEC analysis of the obtained polymer in THF with a PSt standard. ¢
Determined by SEC with multi-angle light scattering detector (SEC-MALS).f THF acted as solvent: [PA], =1.5. 8 PPA

is used as initiator.

The self-switchable polymerization was then applied to
allyl glycidyl ether (AGE). The perfect BAB triblock
copolymers, where the A and B blocks were prepared by
ROCOP of PA/AGE and ROCOP of PA/EPO, respectively,
were obtained by copolymerizing the mixture of
PA/AGE/EPO, demonstrating a high degree of control
(entry 3 in Table 2, Figures S36-S41), as evidenced by a
narrow dispersity and an increase in molecular weight with
monomer consumption (Figure S37). The
copolymerization of a PA/AGE/EPO mixture with a molar
ratio of 15/15/9o was stopped when the reaction time

reached 2h. The MALDITOF MS result of the obtained
polymer confirmed the absence of EPO incorporation and
any transesterification side reaction during ROCOP of
PA/AGE. Because the major series of peaks corresponded
to poly(PA-alt-AGE) containing BDM as an initiator and
AGE and PA at two chain ends, and the minor series of
peaks resulted from the sodium adduct of poly(PA-alt-
AGE) containing BDM and two AGEs at two chain ends
(Figure S40). Following the reactivity order of anhydrides,
the analysis of reactivity ratios revealed that these epoxides
are significantly more active than EPO, following the
current reactivity order: anhydrides >> epoxide >> oxetane.
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Figure 3. The polymerization from a mixture of PA/CHO/EPO monitored by NMR spectrum and SEC (entry 2 in Table 2): (a) The
'H NMR (CDCl;) spectrum of crude aliquots withdrawn from the reaction system for monitoring the conversion of PA, CHO, EPO,
and the formation of resultant polymers. (b) Evolution of SEC traces (THF). (c) Plots of the degree of polymerization (DP) versus
time. (d) DOSY (CDCl,) spectrum of resultant polymers.
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Figure 4. The polymerization from a mixture of DA/NA/EPO monitored by NMR spectrum and SEC (entry 4 in Table 2): (a) The
'H NMR (CDCl;) spectrum of crude aliquots withdrawn from the reaction system for monitoring the conversion of DA, NA, EPO,
and the formation of resultant polymers. (b) Plots of monomers conversion versus time. (c) Evolution of SEC traces (THF).

Terpolymerization of two different anhydrides and
oxetane

We successfully established a reactivity gradient among
different anhydrides in the previous study.? In light of this,
the possibility of sequential incorporation based on the
difference in reactivity between these anhydrides was
investigated. First, ROCOP was produced by combining
DA, s-norbornene-endo-2,3-dicarboxylic anhydride (NA),
and EPO. This experiment produced a triblock copolymer
with a sharp junction between P(DA-alt-EPO) and P(NA-
alt-EPO) rather than a random copolymer, as predicted.
The ROCOP of DA/EPO occurred first, as indicated by the
decrease in '"H NMR signals (proton 2', Figure 4a) due to
DA and the appearance of '"H NMR signals associated with
P(DA-alt-EGE) (proton 2, Figure 4a). Once the DA
conversion reached 98.5% (Figure 4b), the ROCOP of
NA/EPO turned on and eventually formed triblock
copolymers with a very small tapered section consisting of
P(NA-alt-EPO)-b-P(DA-alt-EPO)-b-P(NA-alt-EPO). The
SEC analysis of the obtained copolymers revealed a
unimodal distribution (P =1.26, entry 4 in Table 2), and the
elution peak maximum shifted continuously toward
shorter elution times (higher molecular weights) as
copolymerization progressed (Figure 4c). The reactivity
ratio between DA and NA indicates that DA is significantly

more reactive than NA, forming a nearly perfect triblock
polymer (Figures S42-S44). Observing only one diffusion
coefficient (Figure S45) in DOSY further demonstrated the
formation of copolymers as opposed to blends of P(DA-alt-
EPO) and P(NA-alt-EPO). By competitively
copolymerizing a mixture of trimellitic anhydride (TA), NA,
and EPO, the perfect chemoselectivity was also observed,
enabling the synthesis of a core-shell-type block copolymer
with a hyperbranched P(TA-alt-EPO) core and a P(NA-alt-
EPO) outer shell, with a broad SEC trace and high
dispersity (D = 1.90, entry 5 in Table 2, Figures S46-Ss1),
which is likely owing to non-uniform branching.>

Quarterpolymerization of two different anhydrides,
epoxide, and oxetane

Synchronous control of each unit structure in both blocks
for self-switchable alternating copolymerization is a
formidable obstacle; thus, no relevant reports have been
published to date. Following the above studies, using
reactivity gradient among different anhydrides to combine
with extremely large reactivity difference between epoxide
and oxetane can provide an opportunity for multi-
dimensional control of block copolymer. As a proof of
concept, the cesium pivalate catalyst was used to attempt
to link DA/CHO ROCOP and NA/EPO ROCOP, thereby



establishing multidimensional controlled self-switchable
alternating copolymerization. The 'H NMR spectra
indicated that the ROCOP of DA/CHO began immediately
(Figure sa), as evidenced by the simultaneous decrease of
peaks due to DA (proton 2') and CHO (3') and the increase
of P(DA-alt-CHO) signals (proton 2). Within 2h, the
conversion of DA and CHO reached 99% (DP = 15) and
99% (DP = 15), respectively, and the conversion of NA and
EPO reached 1.5 % (DP = 0.23) and 1.7 % (DP = 0.26)
(Figures sb and 5c), indicating that only a very small
tapered section was formed. As the reaction progresses, the
signal from the second-stage alternating units, i.e., P(NA-
alt-EPO), increases, resulting in the formation of the
triblock tetrapolymer (entry 6 in Table 2, Figures S52-S54).
SEC were shifted to the higher molecular weight region
while maintaining unimodal/narrow distributions (P <
1.30, Figure 5d), indicating that ROCOP is well controlled
without transesterification. By simply adjusting the molar
ratio of DA/CHO/NA/EPO from 15:15:15:160 to 30:15:15:160,
pentablock tetrapolymers were obtained from the
polymerization of DA/CHO/NA/EPO with BDM as an
initiator. In particular, due to reactivity order of DA >> NA
>> CHO >> EPO for the alkoxide end group and reactivity
order of CHO >> EPO for carboxylic end group, ROCOP of
DA/CHO occurred first. Upon complete consumption of
CHO in 2h, excess DA began to copolymerize with EPO,
forming P(DA-alt-EPO) block. Once the conversion of DA
reached 100%, the ROCOP of NA/EPO turned on and
finally formed P(NA-alt-EPO)-b-P(DA-alt-EPO)-b-P(DA-
alt-CHO)-b-P(DA-alt-EPO)-b-P(NA-alt-EPO). As
evidenced by SEC and 1H, 13C analyses, pentablock
tetrapolymers with a tapered section of less than 3% (entry
7 in Table 2, Figures S55-S58). By changing the molar ratio
of DA/CHO/NA/EPO from 30:15:15:160 to 15:30:30:160,
DA/CHO ROCOP first formed a P(DA-alt-CHO) (Figure
S59), followed by the serial incorporation of P(NA-alt-
CHO) and P(NA-alt-EPO) blocks generated by NA/CHO
ROCOP and NA/EPO ROCOP, respectively. Finally, P(DA-
alt-EPO)-b-P(NA-alt-CHO)-b-P(DA-alt-CHO)-b-P(NA-

alt-CHO)-b-P(DA-alt-EPO)  pentablock tetrapolymers

were produced in an one-step procedure (entry 8 in Table
2, Figures S59-S62) and showed different sequence
structure from the above resulting copolymers, suggesting
that various sequence-controlled block tetrapolymers can
be synthesized by simply adjusting the molar ratio of the
monomer mixture. Other anhydrides, epoxides, and
oxetanes were used in the quarterpolymerization to
synthesize diverse block tetrapolymers by one-step
procedure. The quarterpolymerization from PA/benzyl
glycidyl ether (BGE)/NA/TO with the molar ratio of
15:15:15:22.5 was performed in 1o °C, leading to the triblock
tetrapolymer with narrow dispersity (entry g in Table 2,
Figures S63-S67). The diblock tetrapolymers synthesized
by using 3-phenyl-1-propanol (PPA) as an initiator for the
quarterpolymerization of PA/2-((naphthalen-2-
yloxy)methyl)oxirane (MO)/NA/TO, and Poly(PA-alt-
MO)-b-Poly(NA-alt-TO) show two glass transition
temperature (T,) values at comparable temperature to the
corresponding homopolymers (T, ppa-aie-mo) = 64 °C, Figure
S72, Ty, p(Na-aie-To) = -23 °C, Figure S74), implying presence
of microphase separation (entry 10 in Table 2, Figures S68-
S75). Our previous work has reported that the reactivity
between TA and NA follows the trend of TA >> NA,
providing an opportunity to synthesize core-shell type
multi-block copolymers by a one-step procedure, in which
alternating copolymer as core and block copolymer as the
outer shell. Here, the core and shell structure can be
flexibly adjusted by controlling the ratio of monomers, for
example, when the molar ratio of TA/AGE/NA/EPO is
30:15:15:160, the copolymerization from this mixture leads
to a special core-shell type block copolymer with
hyperbranched  P(TA-alt-AGE)-b-P(TA-alt-EPO)  and
P(NA-alt-EPO) as the core and outer shells (entry 1 in
Table 2, Figures S76-S81), respectively. The formation of
the polymers was confirmed by both 'H and 3C NMR
(Figures S76 and S77) and this topology is different from
the previous report. Thus, this catalytic system provides an
efficient, simple, one-step procedure, in comparison to
conventional stepwise synthetic procedures for preparing
various core-shell type multiblock copolymers.
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Scheme 3. Proposed mechanism of the self-switchable alternating polymerization from a mixture of DA, NA, CHO, and
EPO with cesium pivalate as the catalyst and alcohol as the initiator.

Scheme 3 illustrates a chemoselective mechanistic
pathway for quarterpolymerization from the mixture of
DA/CHO/NA/EPO based on the multiactivation
mechanism reported in our previous work.*>> Due to the
reactivity order of DA >> NA >> CHO >> EPO, the initial
DA/CHO copolymerization reaction was followed by
ROCOP of NA/EPO to form triblock tetrapolymers. In the
first cycle, the reactivity of DA is significantly greater than
that of NA, so the hydroxyl group activated by cesium
pivalate is likely to nucleophilically attack cesium cation-
activated DA. Because CHO is significantly more active
than EPO, the resulting carboxylate species reacts with
CHO rather than EPO, resulting in the formation of a first
block with a perfect alternating chemical structure. After
both DA and CHO has been completely consumed, the
cesium pivalate-activated termini of the P(DA-alt-CHO)
blocks switch to initiate the second copolymerization cycle
of NA/EPO in the same manner, resulting in the
production of perfect triblock copolymers. There are two
possible mechanisms for catalytic polymerization: the
monometallic pathway and the bimetallic pathway.> For
both alternating copolymerization cycles, the insertion of
anhydrides is significantly faster than that of epoxide and
oxetane, and the rate-determining step is the slow
insertion of epoxides and oxetanes.

CONCLUSION

The one-step synthesis of block tetrapolymers containing
two types of alternating sequences, poly(cyclic anhydride-
alt-epoxide) and poly(cyclic anhydride-alt-oxetane), was
successful. Cesium pivalate was used for the first time as a
catalyst for ROCOP of cyclic anhydrides/oxetane,
synthesizing end-functionalized poly(cyclic anhydride-alt-
oxetane) as well as multihydroxyl-containing copolymers
with a four-armed star structure. A significant advantage
of the cesium pivalate catalyst is that it automatically
switches between the two distinct alternating
copolymerization cycles, demonstrating high monomer
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selectivity and kinetic control. In this study, various block
copolymers, including hyperbranched copolymers, core-
shell type terpolymers, core-shell type tetrapolymers, BAB
triblock terpolymers, BAB-type triblock tetrapolymers, and
pentablock tetrapolymers, were successfully synthesized
via one-step procedures by combining the reactivity
gradient among different anhydrides with the established
reactivity order of epoxides >> oxetane. This self-
switchable alternating copolymerization is therefore
promising and significant for both laboratory- and
industrial-scale productions of industrial block polymers
with complex macromolecular architectures.
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SYNOPSIS TOC.

Multi-block tetrapolymer

/ One step/one pot

J Various topology

J Controllable sequence

J/ Broad monomer scope

J/ Controllable chemical and physical

One-step properties of each block

WJ,OQO

Adjustable Adjustable

Synchronously and thoroughly adjusting the chemical structure difference between two blocks of
diblock copolymer is very useful for the design of materials, but difficult to achieve via self-
switchable alternating copolymerization. Our study used the cesium pivalate catalyst to
automatically switches between the two distinct alternating copolymerization cycles, allowing
one step synthesis of block tetrapolymers from the four-component system.
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