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Introduction

Defining alternating sequences in polyurethanes:
sequence-controlled photo-degradation in step
polymerization

a,b

Xaver Kneidl,? Johannes Reeb-Begic,® Tongtong Cui,? Patrick Theato and

Yosuke Akae (&) *§1%<

Programmable degradation is an important functionality for sustainable polymer materials; however, in
conventional step polymerization of AA- and BB-type monomers, the polymer sequence itself has long
lacked a clear and actionable definition. Polymers synthesized from AA- and BB-type monomers enable
the incorporation of functional units directly into the polymer main chain, while inevitably featuring AA—
BB connectivity; however, the concept of an “alternating” sequence has remained ambiguous. To address
this fundamental limitation, we redefine sequence control in step polymerization by focusing on the con-
nectivity unit rather than monomer composition. Using polyurethane as a representative model polymer,
an AB-type monomer framework combined with dimeric species enables the explicit definition and prac-
tical implementation of (partially) alternating sequences. Incorporation of a photo-degradable monomer
unit directly into the polymer backbone reveals pronounced sequence-dependent photo-degradability
via main chain scission, which is drastically enhanced in alternating polymers, while thermal properties are
likewise strongly influenced by polymer sequence. This work establishes the polymer sequence as an
additional and actionable design parameter in polyurethanes as an example of step polymerization and
provides a conceptual framework potentially applicable beyond polyurethanes to a broad range of AA/
BB-based polymers. The utility of this framework for functional material development is demonstrated
through sequence-controlled photo-degradation on the polymer main chain, offering a promising strat-
egy toward sustainable polymer design.

chain polymerization processes, such as vinyl polymerization,
where the concept of sequence is inherently well-defined, and

Controlling the polymer sequence is a fundamental challenge
in polymer synthesis, essential both for understanding
polymer primary structures and for enabling precise material
design through tuning of properties such as degradability,
recyclability, and mechanical performance.'™° Accordingly,
extensive efforts have been devoted to achieving increasingly
sophisticated sequence control across diverse polymer classes.
However, these developments have been concentrated on
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functional units are typically incorporated into polymer side
chains.

In contrast, step polymerization—despite its central impor-
tance in both academic and industrial polymer chemistry—
has received limited attention from the perspective of
sequence definition and control. Yet, many technologically
relevant polymers, including polyesters, polyamides, polycar-
bonates, and polyurethanes (PUs), are synthesized via step-
growth mechanisms. In these systems, typical polymers pre-
pared from AA- and BB-type monomers inevitably exhibit AA-
BB connectivity along the backbone. As a result, the concept of
polymer sequence itself—and in particular, the meaning of an
“alternating” sequence—remains ambiguous. This conceptual
ambiguity has hindered systematic investigations of sequence-
property relationships in polymers obtained by step polymeriz-
ation, in sharp contrast to the well-established framework
available for chain polymerization. While various advanced
polymerization methods based on step polymerization have
been developed, these approaches have largely focused on
molecular weight control, leaving the polymer sequence inher-
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ently ambiguous.> " Because functional units are incorpor-
ated into the polymer main chain, sequence control in step
polymerization provides a powerful tool for designing back-
bone-functional materials such as degradable polymers.

PU serves as a representative and industrially significant
example of this issue.*®*° Conventionally, PUs are synthesized
via highly efficient polyaddition reactions between diols and
di-isocyanates (Fig. 1A), allowing broad compositional flexi-
bility and facile tuning of material properties ranging from
soft elastomers to rigid coatings. Owing to their practical
utility, most PU research has focused on formulation-driven
material development rather than on precise control of the
polymer primary structure. Nevertheless, it is evident that the
positioning of urethane bonds and comonomer units along
the polymer backbone critically influences thermal, mechani-
cal, and functional properties, underscoring the importance of
sequence control. However, conventional AA/BB-type polyaddi-
tion intrinsically lacks a framework to define or implement
distinct sequence motifs, such as alternating arrangements,
within PU backbones (Fig. 1A).

To address sequence control beyond conventional step
polymerization, alternative PU production strategies have been
explored. These include (i) ring-opening polymerization (ROP)
of cyclic urethane monomers via chain-growth mechanisms
and (ii) iterative one-by-one monomer addition to produce
sequence-defined oligomers or polymers.”” *® While these
approaches have successfully enabled advanced structural
control, they are associated with substantial synthetic cost and
limited practicality. ROP approaches require multistep cyclic
monomer synthesis and offer restricted structural diversity,
whereas iterative synthesis suffers from high workload and
typically limits accessible molecular weights to a few thousand
g per mol or less. Consequently, a practical, scalable method
that allows systematic sequence definition and control within
the step polymerization framework remains highly desirable.

Recently, we introduced a facile PU synthesis strategy based
on AB-type monomers, which provides a new platform to
address this long-standing issue.®®”’? In this approach, mono-
mers bearing both acyl azide and alcohol functionalities

(A) Di-isocyanate + diol (conventional synthesis)
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undergo heat-induced Curtius rearrangement to generate iso-
cyanates in situ, triggering self-polyaddition between the iso-
cyanate and alcohol groups (Fig. 1B). Because the acyl azide
functionality is inert toward alcohols prior to the Curtius
rearrangement, polymerization is effectively gated, enabling
controlled step polymerization from AB-type building blocks.
Importantly, this strategy establishes a clear definition of
polymer sequence in PUs, enabling the construction of diverse
polymer architectures, including block, statistical (random),
grafted, and alternating polymers (Fig. 1C). The synthetic
accessibility of AB-type monomers, readily derived from a
diverse molecular pool of carboxylic acid species bearing
alcohol groups, further allows flexible molecular design and
broad monomer scope.

Using this framework, we have demonstrated that copoly-
merization behavior is strongly influenced by monomer reac-
tivity, leading to statistical sequence distributions in certain
systems. As expected, monomers featuring primary alcohol
groups afford PUs more rapidly than those bearing secondary
alcohol groups, resulting in statistical rather than completely
random sequence distributions during copolymerization.®®”"?
Moreover, this approach has enabled the preparation of func-
tional PU materials with advanced primary structure control,
including photo-degradable polymers. While earlier studies
have reported PU synthesis from acyl azide-alcohol mono-
mers, these efforts largely focused on homopolymer formation
for bio-based materials or dendrimer synthesis, rather than on
sequence definition or copolymerization.”*””” Consequently,
systematic implementation of alternating sequences within
step polymerized PU backbones has remained unexplored.

Establishing a well-defined alternating sequence is particu-
larly important for elucidating sequence-property relation-
ships in step polymerization. To clearly evaluate the impact of
sequence control, alternating monomer pairs should ideally
exhibit distinct chemical or physical characteristics that enable
unambiguous structural and property differentiation. In this
context, we previously developed a photo-degradable PU
monomer M1 featuring an o-nitrobenzyl alcohol (0-NBA) unit,
which displayed a certain homo-diad preference during copoly-

C) PU architecture accessible
by AB-type monomer

Fig. 1 General concept of this work as illustrated using PU as a model system; (A) PU synthesis by the conventional method; (B) PU synthesis based
on the AB-type monomer featuring both acyl azide and alcohol groups;®®~"* (C) PU architectures accessible using the AB-type monomer.
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Fig. 2 Conceptual overview of PU sequence control using photo-degradable monomer M1 in (A) previous work showing statistical sequence distri-

bution;”? (B) this work enabling alternating sequence incorporation.

merization (Fig. 2A).”> This uneven monomer distribution led
to inefficient photo-degradation due to the formation of locally
concentrated photo-cleavable segments. Introducing an alter-
nating sequence represents a rational strategy to homogenize
the distribution of photo-degradable units and thereby
enhance degradation efficiency. Furthermore, alternating
incorporation of rigid M1 units with flexible comonomers,
such as M2 bearing a 2-ethylhexyl side chain, is expected to
significantly influence the thermomechanical properties of the
resulting polymers (Fig. 2B).””

In this study, we define and implement alternating
sequences within a step polymerization framework using poly-
urethane as a representative model system to achieve advanced
photo-degradability control. While our previous statistical
sequence system demonstrated that the sequence could be dis-
cussed in AB-type polyurethane synthesis, it did not allow the
explicit implementation of alternating connectivity; this limit-
ation is addressed in this work through a dimer-based strategy.
Such explicit alternating control is essential for examining
sequence-property relationships without ambiguity arising
from statistical sequence distributions. A newly designed
dimeric monomer M3 is employed to introduce alternating
connectivity in combination with AB-type monomers M1/M2
(Fig. 2B). The resulting polymers are systematically analyzed in
terms of photo-degradability and thermal properties to eluci-
date the effects of the sequence control. As shown in this
study, by redefining the connectivity unit through a combi-
nation of AB-type monomers and a dimeric species, step
polymerization is transformed from a process with an ambigu-
ous sequence definition into a sequence-definable one. This
work therefore establishes a conceptual and synthetic frame-
work for defining and implementing alternating sequences in
step polymerization, while sequence-dependent properties are
examined as validation of its chemical and functional
significance.

This journal is © The Royal Society of Chemistry 2026
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Scheme 1 Curtius rearrangement of M3.

Results and discussion

M1-M3 were all synthesized by following previously reported
standard synthesis including the final step to convert a car-
boxylic acid group into an acyl azide group using diphenyl
phosphoryl azide (DPPA).®*77%78°%3 Newly synthesized M3 was
obtained as a solid at room temperature, the same as M1,
while M2 is liquid. According to previous results, liquid mono-
mers typically show good polymerizability under bulk con-
ditions, while solid ones often need some solvent during the
polymerization for supplying enough fluidity to the reaction
mixture, but this issue is affected by the T,/T, of the corres-
ponding polymers. Since the polymerization behaviors of M1
and M2 were already investigated in previous studies, that of
M3 is first evaluated.

The kinetic analysis of the Curtius rearrangement of M3
was studied by following previous reports (Scheme 1).6977%83-8¢
Namely, M3 was dissolved in PhCl-ds at 0.020 M concentration
and heated at 100 °C to induce the Curtius rearrangement. "H
NMR measurements were conducted after 5, 10, and 15 min of

Polym. Chem., 2026,17, 2423-2436 | 2425


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6py00409a

Open Access Article. Published on 15 toukokuuta 2026. Downloaded on 20.6.2026 23.10.56.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

:ﬁ( a2l T

Solv., 110 °C, 30
m

polyM3
oly(M1 -alt-M2))

Scheme 2 Homopolymerization of M3.

heating to estimate the time-course of the spectral integration
for calculating the kinetic constant. The results are summar-
ized in the SI, and the obtained kinetic values are consistent
with previous reports.®®”? Namely, the Curtius rearrangement
reaches a quantitative conversion within 60 min at 100 °C, and
30 min at 110 °C, which will be used for the setup of the
polymerization conditions.

Next, to gain an insight into the polymerization behavior of
M3, its homopolymerization was conducted under four stan-
dard reaction conditions (Scheme 2 and Table 1). Namely, the
polymerization was carried out at 110 °C for 30 min in bulk or
DMF (1.0 M) solvent, in the absence or presence of the dibutyl-
tin dilaurate (DBTDL) catalyst, which was subsequently puri-
fied by precipitation to cold MeOH. The SEC profiles of pro-
ducts showed unimodal signals, while their "H NMR spectra
clearly indicated the successful formation of polyM3 (Fig. 3,
4A, and B).** Namely, 'H NMR signals of the polymer became
broader than the respective monomer signals, and each peak
shift before and after the polymerization was consistent with
previous reports,®*””? while the generation of a new urethane
signal e; at 10.4 ppm clearly indicated the occurrence of
polymerization. Comparing the investigated four conditions
(Table 1), the polymerization in bulk with the catalyst afforded
the highest yield and the highest molecular weight (polyM3a,
59%, M, = 11 kDa, and P = 1.6), while other reaction con-
ditions also successfully provided the desired polymer. Since
the effective copolymerization conditions for M1/M2/M3
would depend on the comonomer combination, the observed
applicability of M3 on various polymerization conditions is
useful. Although the polymerization under DMF solution con-
ditions without the catalyst resulted in a low yield (27%), the
corresponding homopolymerization of M2 only afforded a
trace amount of polyM2,”* suggesting the higher reactivity of
M3 than M2 and/or the lower solubility in the precipitation
solvent (cold MeOH) of the polyM3 framework than that of
polyM2. Since polyM3 has the equivalent structure to poly(M1-
alt-M2), PU featuring the alternating sequence was success-
fully synthesized by step polymerization. For clarification,
“alternating sequence”, in this manuscript, refers to the strict
alternating connection of M1 and M2 units provided by the

2426 | Polym. Chem., 2026, 17, 2423-2436
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Table 1 Reaction conditions of the homopolymerization of M3 pre-
sented in Scheme 2

DBTDL Yield M, M,,°
Polymer Solv. (cat.) [%] [kDa] [kDa] D
polyM3a Bulk O 59 11 18 1.6
polyM3b Bulk X 49 9.6 16 1.7
polyM3c DMF O 52 9.2 15 1.8
polyM3d DMF X 27 7.8 12 1.5

“Calculated by SEC (eluent: DMAc, flow rate: 0.5 mL min™', and
50 °C).

polyM3a
(DMAc)

M- =11 kDa
=18 kDa
b=16

20 25 30 35
Retention time [min]

Fig. 3 SEC profile of polyM3a (eluent: DMAc, flow rate: 0.5 mL min™?,
and 50 °C).

dimeric monomer M3, distinguishing it from the inherent
repeating unit alternation in traditional AA/BB polymerization.

To study the sequence-property control on various M1/M2
feed ratios, copolymerization of M1, M2, and M3 was con-
ducted (Scheme 3 and Table 2). Here, the M1/M2 feed ratio is
set as 1/1, 4/1, and 1/4, and the alternating sequence was par-
tially integrated by copolymerization with M3 (Schemes 3B
and C). In the case of high M1 content, the DMF solution con-
ditions were applied to promote effective polymerization,
while the bulk conditions were applied for high M2 content,
considering the preferable polymerization conditions of M1
and M2.°°77®> When M1/M2 is 1/1, both the solution and the
bulk conditions were applied (poly(M1-stat-M2)a and poly(M1-
stat-M2)d). As a result, all the copolymers were successfully
synthesized in moderate to high yields as confirmed by each
unimodal SEC signal with M,, values of around 6-13 kDa.** All
the "H NMR signals of the copolymer were clearly assigned in
a similar manner to polyM3, which also indicated the success-
ful polymer synthesis (Fig. 4C).®> Interestingly, certain differ-
ences were observed in '"H NMR signals between the alternat-
ing polymer polyM3 and the M1/M2 = 1/1 statistical copolymer
poly(M1-stat-M2)a (Fig. 4B and C). In general, the statistical
copolymer showed broader peaks than the alternating copoly-
mer, which indicated a more diverse chemical status of the
corresponding signals on the former. This broadening effect is
consistent considering the existence of various sequence pat-
terns on the statistical copolymer, while the alternating one
has only a single pattern. Moreover, multiple aliphatic signals
near urethane bonds showed two signals on the statistical

This journal is © The Royal Society of Chemistry 2026
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Scheme 3 Copolymerization of (A) M1/M2; (B) M1/M3; (C) M2/M3. (D) Chemical structures of M1-M3.

polymer, while only single signals were observed for the alter- 3.7 ppm of the M2 unit. These equally split signals in the stat-
nating copolymer, e.g. the benzyl proton of the M1 unit d at istical copolymer are attributed to two different local diad
5.4 ppm and alkyl signals / at 4.2 ppm, i at 5.2 ppm, and j at environments, depending on whether the corresponding

This journal is © The Royal Society of Chemistry 2026 Polym. Chem., 2026, 17, 2423-2436 | 2427
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Table 2 Copolymerization results shown in Scheme 3
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Polymer Monomer feed ratio  M1/M2 unit feed ratio  Solv. ~ Composition® M1/M2  Yield [%] M,”[kDa] M, ”[kDa] P”
poly(M1-stat-M2)a M1/M2 = 1/1 11 DMF  49/51 65 8.6 12 1.3
poly(M1-stat-M2)b  M1/M2 = 4/1 an DMF  70/30 77 8.0 15 1.9
poly(M1-stat-M2)c M1/M2 =1/4 1/4 bulk  22/78 29 6.0 10 1.7
poly(M1-stat-M2)d  M1/M2 = 1/1 11 bulk  49/51 67 13 17 1.4
poly(M1-stat-M3)  M1/M3 = 3/1 an DMF  72/28 97 8.2 15 1.8
poly(M2-stat-M3)  M2/M3 = 3/1 1/4 bulk  24/76 55 9.3 13 1.4

“ Calculated from "H NMR spectra. ” Calculated by SEC (eluent: DMAc, flow rate: 0.5 mL min~*, and 50 °C).

repeating unit is next to M1 or M2, which is also consistent
with the previous observation on other PUs from AB-type
monomers.”””* In contrast, the alternating copolymer pro-
vides only a single local sequence environment, resulting in
one corresponding signal for each resonance. Thus, the
sequence effect, statistical vs. alternating, was clearly observed
in NMR measurement. The compositions of the obtained
copolymers were calculated using 'H NMR analyses and
approximately followed the feed ratio as summarized in
Table 2.%* Meanwhile, further detailed analysis of diad or triad
patterns based on NMR was difficult because the difference
between them could not be clearly detected in our current
system. Although the homopolymerization of M1 did not
proceed effectively under bulk conditions, its copolymerization
with M2 certainly worked at the M1/M2 ratio = 1/1 or 1/4,
suggesting that the M2 unit provides sufficient fluidity for the
effective reaction progress during the polymerization.
Including homopolymer polyM3 (= poly(M1-alt-M2)) in
addition to these copolymers, PUs with multiple M1/M2 com-
positions were successfully synthesized featuring a certain
degree of the alternating sequence, which has been difficult to
achieve by other existing synthetic methods.

Next, thermal properties of the obtained polymers were ana-
lyzed using DSC and TGA measurements (Table 3).5* As pre-
viously observed, polyM1 has a thermal self-immolative nature
by the conjugative depolymerization path, including the de-
carboxylation step (Scheme 4),”%7>%7% Jeading to the lower
Tgs values of copolymers containing a high M1 content
(around 145 °C) than the ones with a high M2 content (around

Table 3 Thermal parameters of polymers. The values of polyM1 and
polyM2 are cited from previous reports’>7>

Monomer feed M1/M2 unit Tgb Tys©
Polymer ratio feed ratio [°C] [°C]
polyM1 — — ND? 141
polyM2 — — 42 272
polyM3a — 11 78 245
poly(Mi-stat-M2)a ~ M1/M2 =1/1 1/1 66 210
poly(Mi-stat-M2)b ~ M1/M2 = 4/1 4/1 107 144
poly(Mi-stat-M2)c ~ M1/M2 =1/4 1/4 56 237
poly(Mi-stat-M2)d ~ M1/M2 =1/1 11 78 246
poly(M1-stat-M3) M1/M3 = 3/1 4/1 87 147
poly(M1-stat-M3) M2/M3 = 3/1 1/4 40 238

“Not detected. ” Estimated by DSC (2nd heating). ° Estimated by TGA.

2428 | Polym. Chem., 2026, 17, 2423-2436
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Scheme 4 Thermal degradation of the M1 segment.

240 °C). Considering high Ty4s values of M1/M2 = 1/1 copoly-
mers, the thermal degradation of the polyM1 segment does
not proceed effectively in these copolymers, probably because
the M2 unit stops the conjugative degradation path. Owing to
the higher rigidity of the M1 unit than M2, copolymers
bearing the higher M1 content generally showed higher T,
values, while certain differences were observed according to
the sequence. A clear Ty, difference was observed in M1/M2 = 4/
1 samples, poly(M1-stat-M2)b and poly(M1-stat-M3) (107 °C
and 87 °C). In the latter, the soft M2 unit is always located next
to the M1 unit through the alternating sequence, which effec-
tively reduces the packing of the local homo-M1 segment,
while the generation of a certain amount of homo-M1 or M2
segments is inevitable in the former, which could induce
easier homo-segment packing to increase the T, value (Fig. 5).
A similar T, difference was observed in M1/M2 = 1/4 samples,
poly(M1-stat-M2)c and poly(M2-stat-M3) (56 °C and 40 °C),
which can be explained in the same manner. Namely, the
dimer integration induced the distribution of the hard M1
unit always next to the soft M2 unit, while the generation of a
certain content of homo-M1/M2 was inevitable in the copoly-
merization without the dimer M3, which caused the trend of
easier packing by local homo-polymer segments to increase
the T, value. In these cases, the partial alternating sequence
(M3 unit) introduction significantly reduced the packing
nature of the local polymer segments compared with the
corresponding statistical copolymers, resulting in the decrease
of T, values. Meanwhile, the reason for the difference in T,
values between M1/M2 = 1/1 statistical polymers ( poly(M1-stat-
M2)a and poly(M1-stat-M2)d) was not completely clear, but
could have been influenced by the sequence formation process
during the polymerization. Namely, the bulk conditions used

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Schematics of the plausible local polymer packing structure of (A) the homo-M1 segment; (B) homo-M2 segment; (C) M1/M2 hetero-

segment.

for poly(M1-stat-M2)d reduced the fluidity of the polymeriz-
ation mixture during the copolymerization, which would have
caused the local homo-M1/M2 segment formation, while the
DMF solution conditions used for poly(M1-stat-M2)a induced
a more homogeneous distribution of M1/M2 units in the
polymer framework. The resulting sequence difference would
have caused the different T, values. Interestingly, poly(M1-stat-
M3) having a 20% hard M1 content showed a slightly lower T,
value than the 100% soft segment homopolymer polyM2
(40 °C and 42 °C respectively). This suggested that the small
content of M1 on the former disturbed the effective packing of
the aliphatic side chain moieties of the entire polyM2 frame-
work to reduce T, and this effect would work more domi-
nantly than the increase of the rigidity by the introduction of
the hard M1 unit. Considering the above discussion about the
polymer sequence, the implementation of the alternating
sequence was clearly proved to affect the thermal properties of
the polymer derived from step polymerization (PU in this
case), underscoring the importance of the “sequence” as a
parameter to control the basic properties of the polymer
obtained by step polymerization. Moreover, the pronounced
sequence dependence observed in thermal properties indicates
that the sequence effect is not limited to photo-cleavable
systems, although photo-degradability was chosen in this work
as a particularly clear model response.

Next, the photo-degradability of copolymers was investi-
gated to evaluate the effect of their sequences on it by follow-
ing the previous report (Fig. 6 and 7 and Scheme 5).”> Namely,
each copolymer was dissolved in THF or DMAc under diluted
conditions (1 mg mL™"), and 365 nm light was irradiated to
induce the photo-cleavage reaction of the 0-NBA framework on
the M1 unit, which was traced by SEC measurements after 0, 5,
10, 15, 30, 60, and 120 min of light irradiation and summar-
ized as a time-course M, plot (Fig. 7). Here, the result of the
THF system is discussed, because the result of DMAc indicated
a similar trend, and the former showed sharper SEC signals
that could be clearly detected.®® First, all the samples showed
a clear decrease in the molecular weight even after 5 min of
irradiation, and the continuous irradiation induced a further
decrease that was mostly completed within one hour, while
the control test of UV irradiation on polyM2 did not change its
SEC profile at all even after several hours, clearly indicating

This journal is © The Royal Society of Chemistry 2026

the occurrence of photo-degradation in the M1 unit.** The
general trend of the photo-degradability is consistent with the
previous report,”” indicating that copolymers bearing a high
M1 content are likely to show more intensive photo-degrad-
ability, while certain effects of the sequence were clearly
observed as discussed in the following.

Comparing polyM3a and polyM3c, both of which feature
the alternating sequence poly(M1-alt-M2), the former showed
more intensive degradation than the latter. Since both poly-
mers have the same sequence/composition, this difference
would be caused by the molecular weight difference. In this
method, the minimum unit after the photo-degradation is the
monomeric unit from M1 (M,, ~ 150 Da) or the dimeric unit
from the M2-M1 diad (M,, ~ 470 Da), indicating that the size
of the initial polymer certainly affects the percentage of the M,,
decrease when it is around 10 kDa or less. Thus, the initially
bigger polyM3a (M,, = 8.4 kDa) showed a greater decrease in
the percentage of M, from the beginning to the complete
degradation than polyM3c (M, = 5.2 kDa). It also affects the
more intensive degradation of polyM3a than the copolymers
bearing an 80% M1 content (poly(M1-stat-M3) and poly(M1-
stat-M2)b). In this case, the high M1 content increases the
photo-degradability of polymers, but it also causes a lower
molecular weight in the resulting polymer, possibly because of
the high rigidity of the M1 unit,”* which could cause low fluid-
ity during the polymerization, hindering the propagation reac-
tion. The effect of the molecular weight would be more domi-
nant than the high content of the M1 unit and would have
induced the highest photo-degradability of polyM3a in this
measurement. Except for polyM3a, copolymers bearing more
than 50% M1 content showed a similar trend in the time-
course of the M, decrease regardless of their sequence or the
M1 content, suggesting that these parameters do not signifi-
cantly influence their photo-degradability, possibly because
they are already highly photo-degradable. Meanwhile, a large
photo-degradability difference was observed in copolymers
bearing a 20% M1 content (poly(M2-stat-M3) and poly(M1-
stat-M2)c), the smallest M1 content in this work. Both
degraded less than the others, but poly(M2-stat-M3) (~45%
decrease of M,) degraded substantially less than poly(M1-stat-
M2)c (~70% decrease of M,), which was associated with the
sequence difference. Namely, the alternating sequence from

Polym. Chem., 2026,17, 2423-2436 | 2429
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Fig. 6 Time course of SEC profiles of (A) polyM3a; (B) poly(M1-stat-M2)d; (C) poly(M1-stat-M2)a; (D) poly(M1-stat-M3); (E) poly(M1-stat-M2)b; (F)
poly(M2-stat-M3); (G) poly(M1-stat-M2)c (UV irradiation for 0, 5, 10, 15, 30, 60, and 120 min; eluent: THF, flow rate: 1.0 mL min~%, and 25 °C). The
red dotted line indicates the dimeric fragment generation, while the blue one indicates the monomeric fragment.

M3 induces more homogeneous distribution of photo-degrad- M1 and M2 polymer segments, which decrease the photo-
able M1 units in the entire polymer chain, while the M1/M2 degradability owing to the non-photo-degradable homo-M2
statistical polymer without M3 includes inevitable local homo- segment. When the M1 content is higher than 50%, this effect
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Fig. 7 Plot of M,, [%] vs. UV irradiation time of copolymers. The column
of M,, shows the initial M,, before UV irradiation (eluent: THF, flow rate:
1.0 mL min~%, and 25 °C).

would not be dominant, but it has a significant influence on
the low M1 content copolymers, resulting in a drastic photo-
degradability difference between the partially alternating
polymer and the complete statistical polymer. This “alternat-
ing vs. statistical” sequence-dependent photo-degradability
was first observed by the implementation of sequence defi-
nition/control on the polymer derived from step polymeriz-
ation (PU in this case), supporting its importance.

Meanwhile, SEC profiles showed further dependence of the
resulting residues from the photo-degradation on the sequence
(Fig. 6). According to the photo-degradation of polyM3a, the SEC

L n
pol M3

poly(M1- slat-M2)

View Article Online

Paper

intensity around 21.5 min (red dotted line in Fig. 6A) increased,
suggesting the formation of dimeric fragments after the alternat-
ing polymer framework cleavage. The peaks at the same reten-
tion time were also observed on other polymers containing an
alternating sequence (Fig. 6D and F). On the other hand, copoly-
mers made from M1 show an SEC peak increase around
22.5 min in proportion to the UV irradiation time (blue dotted
lines in Fig. 6), which would be derived from the monomeric
fragment after the photo-degradation of the homo-M1 segment.
Statistical polymers without M3 integration also showed peaks
from dimeric fragments around 21.5 min, suggesting the exist-
ence of various sequence patterns there, including the homo-M1
segment and other hetero-segment types. Comparing two copoly-
mers featuring 20% M1 content, the one with the alternating
sequence showed an intense dimeric fragment peak on the
residue (Fig. 6F), while the one without the alternating sequence
exhibited an intense monomeric fragment peak (Fig. 6G), high-
lighting the sequential difference and the homo-M1 segment for-
mation in poly(M1-stat-M2)c, which induced its more decreased
photo-degradability and higher T, than its partially alternating
sequenced counterpart poly(M2-stat-M3). Finally, comparing two
statistical copolymers featuring M1/M2 = 1/1 content, the one
made in DMF solution showed a more intensive dimeric peak
(Fig. 6C) than the one made in the bulk (Fig. 6B), while both
showed monomeric fragment peaks. This difference is probably
because the solvent increased the fluidity of the reaction mixture
to induce a more homogeneous polymerization system, while the
bulk conditions could cause the local aggregation of the homo-
polymer segments, resulting in monomeric fragment generation
through photo-degradation and higher T, due to their higher
packing preference. Further spectroscopic analysis of the degra-
dation products would provide deeper mechanistic insight into
this system, but such analysis was experimentally difficult for the
present degraded samples owing to the low product amount in
diluted solution. Therefore, the degradation mechanism pro-
posed here remains partly speculative and should be interpreted
with appropriate caution. A more detailed structural elucidation
of the degradation products will be the subject of future study.
Considering the above, the thermal properties and photo-
degradability of M1/M2 copolymers were consistently associated

Scheme 5 Photo-degradation of (A) polyM3 (poly(M1-alt-M2)) and (B) poly(M1-stat-M2).

This journal is © The Royal Society of Chemistry 2026

Polym. Chem., 2026,17, 2423-2436 | 2431


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6py00409a

Open Access Article. Published on 15 toukokuuta 2026. Downloaded on 20.6.2026 23.10.56.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Conventional step polymerization

(Ambiguous sequence definition)
AA + BB _,—[-AA—BB+

Redefinition

This work: redefined step polymerization
(Sequence-definable)

Step 1 Redefinition of connectivity unit
AB-type monomer framework
AB1 + AB2 _—>>_’ —[—AB1—Stat—ABz—]—n

Step 2 Sequence definition

Dimeric species =% Defined alternating
sequence

AB1—AB2 _—’_>’ -[—AB1—aIt—ABz‘]'n

Dimer

Step 3 Sequence property divergence

Alternating sequence
=—» High photo-degradability

M _Q_ .%C’QO

Statistical sequence
—» Low photo-degradability

'.(%000 ‘o Cp 00

Fig. 8 Sequence definition of the polymer derived from step polymer-
ization demonstrated in this work, highlighting the resulting sequence—
property divergence for photo-degradation control.

,

with their polymer sequence, which was clearly controlled by the
(partial) integration of the alternating sequence. The detailed
analysis indicated a certain level of sequence-property control
through the polymerization conditions (bulk vs. solution), which
could supportively contribute to the polymer design. In the end,
this work successfully demonstrated the definition of an alter-
nating sequence in the polymer derived from step polymeriz-
ation conventionally featuring only AA-BB-type connectivity by
the combination of an AB-type monomer framework and the
dimeric species, and the property analysis of redefined polymers
suggested that the polymer sequence acts as an independent
design parameter in step polymerization, giving rise to pro-
nounced sequence-property divergence (Fig. 8).

Conclusion

In this work, we addressed a fundamental yet ambiguous ques-
tion in step polymerization by defining what constitutes an
alternating sequence in polymers synthesized from AA- and

2432 | Polym. Chem., 2026, 17, 2423-2436
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BB-type monomers. An AB-type monomer framework enabled
explicit sequence definition, while a dimer-based strategy
allowed the practical implementation of alternating connec-
tivity. Using polyurethane as a model system, we demonstrated
that defined alternating sequences give rise to pronounced
sequence-property relationships, as reflected in thermal pro-
perties and photo-degradability, enabling programmable
material degradation. The main contribution of this study is
the establishment of a conceptual and synthetic basis for alter-
nating sequences in step polymerization, while the observed
sequence-dependent properties confirm the practical relevance
of this framework. This study establishes polymer sequence as
an additional and actionable design parameter in poly-
urethane as a model system for step polymerization, beyond
conventional monomer and composition design. The frame-
work demonstrated in this work would potentially be appli-
cable to other step polymerization systems. By enabling the
controlled incorporation of the functional unit into the
polymer main chain rather than the side chain, this method
provides a complementary tool for contributing to functional/
sustainable material development other than well-studied
chain polymerization.
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