7® ROYAL SOCIETY

Polymer
P OF CHEMISTRY

Chemistry

View Article Online

View Journal | View Issue

Synthesis of periodic polyolefins based on anionic

{ M) Check for updates ‘
alternating copolymerizationt

Cite this: Polym. Chem., 2025, 16,
280
Hong Yan, Hongyuan Bai, Xuefei Wang, Haitao Leng, Siwei Chen, Li Han 2 and

Hongwei Ma = *

To avoid sequence bias in the chain growth process of multicomponent periodic polymers, we reported
an indirect method for the synthesis of strictly periodic polymers using nonpolar monomers. Using 1,1-
diphenylethylene (DPE) as the comonomer, the precise sequence was achieved through living anionic
polymerization (LAP) and hydrogenation. Four dienes (isoprene (Ip), 2,3-dimethylbuta-1,3-diene (DMBD),
2,3-diphenylbutadiene-1,3-diene (DPB), and 1-phenyl-1,3-butadiene (1-PB)) and an olefin with cyclic
tension 1-cyclobutylvinylbenzene (CBVB) were copolymerized with DPE to prepare the alternating pre-
cursors. The periodic sequences of DPE-styrene—propylene (pd-DSP), DPE—-propylene—propylene (pd-
DPP), DPE-ethylene-styrene (pd-DES), DPE-styrene—styrene (pd-DSS) and DPE-ethylene—styrene—
styrene (pd-DESS) were successfully synthesized with hydrogenation of these alternating precursors, and

the nonpolar olefin units were successfully introduced into the periodic polymer. The results showed that
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the modification of the backbone carbon framework structure caused a consistent change in the thermal
properties of the polymers. Moreover, the steric hindrance and arrangement density of the side chain
substituents could significantly affect the performance of the periodic copolymers. This study provides a
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Introduction

The sequence structure of polymers forms the basis for the
expression of their properties."® Among various sequences,
periodic polymers are composed of multiple monomers
arranged in a regular pattern, as well as the side chain
groups.” ® Therefore, compared with other sequences such as
random, block, or gradient distributions, the ordered structure
of periodic polymers can better guide the folding and assem-
bly of the polymer chains. They exhibit wide applicability in
emerging fields such as drug delivery, battery storage and
optical components.”'® Various types of periodic polymers
often have defective structures, because it is difficult for mul-
tiple types of monomers to undergo strict crossover reactions
according to the preset requirements.'” Therefore, only in the
polymerization of two monomers, alternating sequences can
be obtained by suppressing the homo-propagation
reactions.”>™* Constructing alternating sequences is an
effective method to obtain precise periodic sequences.
Step-growth polymerization employs efficient orthogonal
reactions between the functional groups to achieve precise and
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feasible method for the synthesis of non-polar periodic copolymers with precise periodic arrangements.

strict sequences, which can prevent the formation of defective
structures; click reactions and multicomponent reactions are
widely used in the construction of alternating structures. For
example, the Ugi, CuAAC and Passerini reactions have been
used to synthesize complex periodic sequences such as
[ABCB], [ABCBA] and [ABCDCB]."*™'® However, step-growth
polymerization can only yield precise sequences of oligomers.
Furthermore, in the preparation of high molecular weight peri-
odic copolymers, combining step-growth polymerization and
chain-growth polymerization is more promising and challen-
ging. For example, current research has achieved the synthesis
of periodic copolymers possessing [ABC], [ABBA], and [ABBCD]
repeating structures by the combination of reversible-de-
activation radical polymerizations (RDRPs) and coupling
reactions."®>* In addition, radical coupling reactions (RACPs)
have also been reported to prepare periodic copolymers with
[ABC], [ABAC], and [ABCC] repeating structures.>*>* The above
methods are capable of obtaining relatively precise periodic
structures that require a combination of multiple mechanisms
and rely on the special functional groups of monomers. For
non-polar polymers, none of the above methods are appli-
cable. Living ring-opening metathesis polymerization (ROMP)
is an extremely efficient synthesis strategy to produce periodic
non-polar polymers. Based on the information from periodic
sequences, it is necessary to design and construct the required
macrocyclic olefins and then obtain periodic sequences

This journal is © The Royal Society of Chemistry 2025
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through ring opening metathesis polymerization of mono-
mers, such as the periodic sequences of styrene, ethylene, or
propylene.”>>” Based on this theoretical foundation, our
research group developed a new method for carbon skeleton
regulation in previous studies. The styrene derivatives with
cyclic substituents underwent anion-migrated ring-opening
polymerization, followed by hydrogenation, and we success-
fully synthesized polymers with pd-SEM and pd-SEE periodic
sequence structures.”® This method was able to achieve the
goal of obtaining strictly precise periodic sequences through
chain polymerization.

Inspired by this work, apart from homopolymers, only alter-
nating polymers can also achieve strict sequence control by
chain polymerization. Assuming that multiple nonpolar
olefins are directly copolymerized through chain growth to
obtain periodic structures, the insertion of monomer units is
determined by the reactivity ratio, which is controlled by temp-
erature and solvent;**? thus, perfect periodic insertion is
impossible. Furthermore, owing to the influence of dynamics,
the precision of the sequence sharply decreases during the
polymerization process until the sequence structure becomes
statistically random. However, in various types of copolymer
sequence control, only alternating sequences can be strictly
achieved; perfect alternation will occur when both r;, and r, are
equal to zero, or when 7, = 0, alternating sequences can also
be obtained. Therefore, the problem of statistical randomness
can be avoided by synthesizing a strict alternating structure
and functionalizing this structure to obtain a periodic
structure.*

This process provides an indirect method to obtain strictly
periodic structures through chain growth aggregation. Among
the various methods for synthesizing alternating copolymers,
living anionic polymerization can precisely control the mole-
cular weight of polymers, with no termination or chain trans-
fer during the active chain growth process.**™° It is difficult to
homopolymerize DPE and its derivatives because of steric hin-
drance. However, owing to the P-m conjugated structure
formed between the two benzene rings and the vinyl group in
the monomer, DPE can easily copolymerize with other nonpo-
lar olefins. During the process of LAP, the formation of DPE
terminal active centers can only lead to alternating cross-
growth with comonomers.’”*® Therefore, DPE and various
nonpolar olefins can be utilized to synthesize polymers with
strictly alternating structures. In this study, four different
dienes and a special olefin capable of undergoing a ring-
opening reaction were selected for copolymerization with DPE,
and five new alternating copolymers were successfully
obtained by adjusting the reaction conditions. All copolymers
had carbon-carbon double bonds incorporated into their
polymer backbones. After simple hydrogenation treatment,
five multiblock structured polymers, namely, pd-DSP, pd-DPP,
pd-DES, pd-DSS and pd-DESS, were obtained. By comparing
the performance of alternating sequence copolymers and peri-
odic sequence copolymers with the 10 different sequence
structures mentioned above, the intricate relationship between
the polymer structure and performance could be further eluci-
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dated. Furthermore, the results from this study indicated that
LAP could not only yield fully alternating sequence polymers
but also indirectly produce polymers with strictly periodic
structures. This method provides a new approach for synthe-
sizing multiperiodic structured polymers with precise
sequences. Consequently, developing strategies for synthesiz-
ing precisely periodic polymers is highly challenging and valu-
able; this exploration has the potential to enrich the types of
periodic sequences and obtain polyolefin materials with better
mechanical properties.

Results and discussion

Polyethylene (PE) and polypropylene (PP) are the most widely
used general-purpose plastics in the world, and ethylene-co-
propylene also has many potential applications. By utilizing a
Ziegler-Natta catalyst to catalyze the trans-1,4-polymerization
of Ip and hydrogenation, a precise sequence of ethylene-alt-
propylene (alt-EP) can be synthesized.*® This type of alternat-
ing polymer was obtained through the complex coordination
polymerization of a single monomer and severely compro-
mised the ability to regulate the carbon skeleton of the poly-
mers. Based on the above alt-EP, we introduced other ethylene
monomers to copolymerize with Ip to form a fully alternating
sequence copolymer; then, a carbon-rich multiperiodic
polymer can be obtained in the same manner after hydrogen-
ation. DPE has inherent advantages in the synthesis of alter-
nating copolymers by LAP (rp = 0); thus, periodic polymers of
DPE-ethylene-propylene (pd-DEP) can be obtained by control-
ling the alternation sequence of DPE and Ip. For nonpolar
polyolefins, the performance of the copolymer relies more on
the arrangement of short branches (methyl) or side groups
(phenyl rings) along the main polymer chain when the carbon
skeleton structures are similar. Therefore, three types of peri-
odic sequences (DPE-propylene-propylene (DPP), DPE-ethyl-
ene-ethylene-St (DEES) and DPE-St-St (DSS)) can be obtained
by introducing substituted dienes (DMBD, 1-PB, and DPB).
The above four types of periodic polymers have a C6 carbon
skeleton. Apart from the arrangement of monomer units, the
carbon skeleton length affects the properties of polymers.
ROMP is an effective method for preparing long carbon skel-
etons. Based on this theory, our research group has proposed
the AMROP method, which produces a periodic polymer with
a C8 backbone structure like DPE-St-ethylene-ethylene (DSEE)
(Scheme 1).*°

The strategy of this study is to obtain strict periodic
sequences by using strict alternating polymers; thus, the first
step is to regulate DPE and various dienes to form strict alter-
nating copolymers. For nonpolar monomers, 7, = 0 is a rigid
requirement for the synthesis of alternating copolymers; in
LAP, the main way of controlling sequences is to alter the reac-
tivity ratios of the monomers. The four main pathways are as
follows: (1) by adjusting the feeding strategy, the copolymer
sequence structure can be changed. Yuki et al. investigated the
reaction characteristics of DPE and St in nonpolar solvents
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Scheme 1 Alternating copolymerization of DPE with dienes.

during anionic polymerization, and reactivity ratios could be
calculated based on the monomer feed ratio and the pro-
portion of monomer units in the polymer. (2) The addition of
a modifier can effectively promote dynamic propagation and
regulate the copolymerization behavior of the monomers. For
example, alkoxide metal modifiers can form a special four-mem-
bered ring transition state structure with an active center, and
the two coexisting counterions can isomerize with each other,
thereby altering the rate of crossover propagation. (3) The sol-
vation ability and polarity of the solvent directly influence the
morphology of the active center, can alter the closeness of the
ion pairs and thus affect the reactivity ratios of the monomers.
For example, when DPE and Ip are copolymerized in benzene, r,
can reach a maximum of 37, but when they are copolymerized in
THE, r, decreases to 0.11. (4) Temperature affects mainly the reac-
tivity ratios of the monomers by affecting the rate constant of
crossover propagation. Generally, anionic polymerization occurs
at temperatures ranging from —20 °C to 100 °C.*'*® Based on
the various regulation methods mentioned above, DPE can be
copolymerized with Ip, DMBD, 1-PB, and DPB to obtain strictly
alternating polymers. The specific copolymerization process is
described in ESI Table S1.}

The methyl groups of DMBD serve as electron-donating
substituents, not only increasing its steric hindrance but also
reducing its reactivity in nucleophilic reactions. As described
in Yuki’s report, even if DMBD (M,) and DPE (M;) were copoly-
merized in benzene, r, was only 0.23. For low-reactivity olefins,
the polymer structure could be controlled to form alternating

282 | Polym. Chem., 2025, 16, 280-289

sequences by employing a feed strategy. Through the corres-
ponding analysis of proton nuclear magnetic resonance ("H
NMR) and size exclusion chromatography (SEC) data (see ESI
Fig. S71 and Table 1), the M;/M, value of DPE and DMBD
increased from 1 to 4; this resulted in an increase in the con-
version rate of DPE from 69.98% to 88.68% (Covn.M;(%) =
Covn.M,(%)/(N,/N;)) and the Npypp/Np value could reach 1.09
(as calculated via ESI eqn (S7)7). Based on the above results, its
structure can be preliminarily identified as an alternating
sequence. The obtained polymer had a narrow distribution
and a molecular weight close to the predicted value. The con-
version rate of DMBD reached 96.66%, indicating that no side
reactions occurred during the copolymerization (see Table 1).
Matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF-MS) is a direct method for deter-
mining the alternating sequence. As shown in Fig. 1(b), using
DPE-alt-DMBD as an example, the MALDI-TOF-MS result
showed a unique series of proton peaks. The m/z peak at
2967.39 (see ESI Fig. S17%) could be attributed to 10 units of
DPE (10 x 180.09 u) + 11 units of DMBD (11 x 68.12 u) + a
hydrogen terminal group (1.01 u) + a counterion Ag (106.91 u)
+ a sec-butyl-terminal group (57.07 u). The difference in the
numerical values between each peak consisted of one DPE
unit and one DMBD unit.

However, for highly active dienes, simply increasing the
feeding of DPE not only fails to obtain alternating sequences,
but also causes waste of resources. The reactivity ratios of DPE
and Ip(M,) are strongly influenced by the solvent, with 7,

This journal is © The Royal Society of Chemistry 2025
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Table 1 Results for the anionic alternating copolymerization of DPE and olefins
2% [kg mol™']
Ri 0, 1 b a a b b b c (o
un M;/M, Eq. Solvent Temp./°C H NMR SEC PDI N,/N; N, N, Covn.M,‘ (%)
1 DPE/IP 1.5 THF 0 17.4 16.6 1.32 1.01 70 71 100.0
2(a) DPE/DMBD 1.0 Benzene 25 12.2 13.5 1.10 1.31 43 55 91.6
3 DPE/DMBD 4.0 Benzene 25 14.3 18.3 1.07 1.09 53 58 96.7
4 DPE/1-PB 1.5 Benzene 25 5.6 7.1 1.21 1.79 14 24 41.7
5 DPE/1-PB 1.5 THF -25 22.5 23.7 1.87 1.06 71 75 100.0
6 DPE/DPB 1.5 THF -25 17.6 15.1 1.17 1.12 43 48 96.0
7 DPE/CBVB 1.0 Benzene 25 7.3 6.3 1.31 0.87 23 20 40.0
8 DPE/CBVB 1.0 Benzene 25 14.0 13.5 1.25 1.03 41 42 84.0

M, (SEC) and PDI values for the copolymers were determined using SEC with polystyrene (PS) as a standard. ” Ratio of N,/N; units in the chain
calculated by "H NMR (N; represents the number of DPE in the chains and N, represents the number of dienes in the chains). M, ("H NMR)
values for the copolymers calculated through "H NMR. The calculation basis is shown in ESI Fig. S6-S1071 and the calculation formulas are given
in ESI eqn (S6)-(510).T © Covn.M, represents the conversion rate of dienes (%) and CBVB (%), which was obtained by calculating the ratio of the

polymer to the total initial monomer mass.
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Fig. 1 MALDI-TOF-MS of run 1 (a), run 3 (b), run 5 (c), run 6 (d), run 7 (e) and run 8 (f).

values decreasing from 37 to 0.11 as the polarity of the solvent
increases. Therefore, DPE and IP should be copolymerized in
THF (run 1), and their corresponding 'H NMR spectra and ditions of DPE-alt-1-PB and

This journal is © The Royal Society of Chemistry 2025

MALDI-TOF-MS result are presented in ESI Fig. S6 and S167
(calculated using ESI eqn (S6)f). The polymerization con-

DPE-alt-DPB can be understood by
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analyzing and comparing the structures of Ip and DMBD, as
well as their polymerization conditions. The reaction activity of
conjugated dienes is determined by both the conjugation
effect and steric hindrance. The 1-position carbon of 1-PB con-
tains a phenyl ring substituent, and the presence of this elec-
tron-withdrawing group reduces the electron cloud density on
the double bond; this is advantageous for the attack of the
carbon anions, and therefore, the reactivity of 1-PB is greater
than that of Ip. DPB contains two phenyl ring substituents;
these substituents reduce the electron cloud density and
increase the steric hindrance. Therefore, its reactivity is greater
than that of DMBD but lower than that of Ip. Both DPE-alt-1-
PB and DPE-alt-DPB can be obtained in THF (runs 5 and 6).
The corresponding analyses of the "H NMR spectra and the
MALDI-TOF-MS result are presented in ESI Fig. S8, S9 and S18,
S19,} calculated using ESI eqn (S8) and (S9).T

The sequence regulation in the copolymers obtained by
LAP is controlled by their kinetic behavior. In the preliminary
stage, our research group has investigated the copolymeriza-
tion reaction characteristics of DPE and CPVB. At room temp-
erature, the self-growth kinetic constants of both DPE and
CPVB are zero (Kcp = 0 and Kpp, = 0 at 25 °C). Therefore, a new
polymerization mechanism, AMROP, is proposed to explain
the ideal alternating copolymerization process of CPVB and
DPE derivatives. The proposed AMROP provides more possibi-
lities for controlling the carbon framework of vinyl monomer
polymers; thus, we have shifted our focus to CBVB, which is a
styrene derivative with different ring substituents from CPVB.
Previously, studies have reported that CBVB can homopolymer-
ize through AMROP; its cyclobutyl can be opened and formed
into a C5 skeleton polymer by increasing the temperature; the
pd-SEE periodic polymer can be obtained after hydrogenation.
In the same way, the self-growth kinetic constants of both DPE
and CBVB are zero (Kcp = 0 and Kpp = 0 at 25 °C). Therefore,
DPE and CBVB can likely undergo cross-growth at room temp-
erature by AMROP and yield a quaternary periodic polymer
structure of pd-DSEE. Theoretically, CBVB-alt-DPE can be
obtained with a 1:1 feed ratio at room temperature. The intra-
molecular bond angle of the cyclopropyl three-membered ring
in CPVB is 60°, and the hydrogen atoms on the ring are in
overlapping positions; these hydrogen atoms can easily create
tension and therefore facilitate ring-opening reactions.
However, the intramolecular angle of the cyclobutyl group in
CBVB is 90°, resulting in lower ring tension than that of the
ternary ring. Therefore, the polymerization reaction rate of
DPE and CBVB is slightly lower. With the same design, the
conversion rate of CBVB increased from 46% to 84% by extend-
ing the polymerization time from 5 days (run 7) to 10 days (run
8), and the molecular weight of the copolymers also doubled.
Based on 'H NMR spectrum characterization (ESI Fig. $107),
regardless of whether the conversion rate of CBVB was high or
low, the Np/Ngy value was close to 1; these results confirmed
that DPE-alt-CBVB was successfully synthesized. Here, we
tested the MALDI-TOF-MS data of low-molecular-weight (run
7) and high-molecular-weight (run 8) polymers, and several
series of proton peaks appeared in the spectra. As shown in

284 | Polym. Chem., 2025, 16, 280-289
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Fig. 1(e), the peak with an m/z of 2374.28 corresponded to 7
units of DPE (7 x 180.09 u) repeat units +6 units of CBVB (6 x
158.11 u) repeat units + a hydrogen terminal group (1.01 u) + a
counterion Ag (106.91 u) + a sec-butyl-terminal group (57.07 u)
(ESI Fig. S207). Similarly, based on the analysis of the data in
ESI Fig. S21,1 the polymerization time was prolonged, and
DPE and CBVB still grew alternately.

In conjugated dienes, the mobility of the double bond elec-
tron cloud is high, and it is easy to induce polarization. When
the density of the = electron cloud on the carbon-carbon
double bond decreases, the slightly positively charged
B-carbon atom is conducive to the attack of the negatively
charged anionic active center, causing n-electron heterolysis
and initiating anionic polymerization. During the addition
reaction of the conjugated dienes with nucleophilic reagents,
both 3,4-addition and 1,4-addition can occur. In the case of
1,4-addition, unsaturated double bonds are formed in the
polymer skeleton, thereby forming a cis/trans structure. When
DPE is copolymerized with Ip, DMBD, 1-PB and DPB, the diole-
fins need to be copolymerized with DPE by 1,4-addition to
obtain long carbon chain structures. In the polymerization of
DPE and Ip, DPE is preferentially triggered by sec-BuLi to form
DPE-Li; DPE-Li initially attacks the carbon at the 4-position
with less steric hindrance, forming an active center at the
carbon at the 1-position with the least steric hindrance.
Therefore, the next DPE is added to the carbon at the 1-posi-
tion during the alternating copolymerization. As a result,
mainly 1,4-structures are formed, with few 3,4-structures pro-
duced and almost no formation of a 1,2-structure. Therefore,
the 1,2-structures and 3,4-structures were disregarded in the
subsequent description of the polymer structure. In the
carbon polymer backbone structure of the DPE-ait-1-PB
polymer, 3% 1,2-structures can be clearly observed via "H NMR
(ESI Fig. S8, & = 5.7-6.2 (ppm)). However, due to its low
content, subsequent discussions are focused only on the 1-PB
appearing in the polymer with 1,4-structures. Therefore, the
polymer backbones can still ensure the rigor of their periodic
structure after hydrogenation. Both DMBD and DPB have sub-
stituents at the 2-position carbon and 3-position carbon.
DMBD contains two methyl groups, which are electron-donat-
ing substituents despite their relatively small steric hindrance.
On the other hand, DPB has two phenyl rings as substituents,
which are electron-withdrawing groups with significant steric
hindrance. Together, these factors caused DMBD and DPB to
undergo 1,4-addition to the polymer chain. The "H NMR
spectra (ESI Fig. S7 and S97) also revealed that the unsaturated
double bond regions of DPE-alt-DMBD and DPE-alt-DPB had
no peaks (§ = 4.0-6.0 (ppm)), showing the absence of a 1,2-
structure in the polymer chain. The above results indicated
that all five alternating polymers were successfully synthesized
according to the proposed structure. A comparison of DPE-alt-
Ip and DPE-alt-DMBD revealed that the carbon skeletons of
the polymer backbones had the exact same arrangement, but
the side chain of DPE-alt-DMBD contained an additional
methyl group. When the two polymers had similar molecular
weights, the T, of DPE-alt-DMBD was 16 °C higher. Similarly,

This journal is © The Royal Society of Chemistry 2025
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DPE-alt-DMBD and DPE-alt-DPB only differed in the size of the
side group substitution, and T, increased by 36 °C. A compari-
son of the data revealed that the T, values of DPE-alt-1-PB and
DPE-alt-Ip exhibited unexpected trends. Typically, polymers
with a benzene ring as the side group had a greater T, than
those with only a single methyl group. However, in this case,
the absence of any substituents on the double bonds in the
chain of DPE-alt-1-PB enabled increased bond rotation, result-
ing in a T, for DPE-alt-Ip that was 36 °C higher than expected.
Therefore, the thermal properties of nonpolar olefin copoly-
mers could be controlled by altering the number of substitu-
ents, steric hindrance, and position. The polymer backbones
of the five alternating structure polymers all contained double
bonds. These double bonds could be used for simple hydro-
genation modification to obtain the most basic periodic poly-
mers and for more complex substitution and addition reac-
tions to produce polymers with different side groups, thus
endowing the polymer with a periodic arrangement of the
functional groups (Scheme 2).

For common nonpolar olefins, controlling the copolymer
sequence is often difficult (r7, > 0). In our previous work,
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AMROP was used to develop a new method for regulating the
carbon skeleton. After hydrogenation, we successfully obtained
strictly periodic polymers of pd-SE, pd-SEM and pd-SEE. Based
on the research results, we introduced the special vinyl
monomer DPE into the polymer backbone. This not only
expanded the carbon skeleton length of the periodic structure
and enriched the periodic carbon chain structure, but also
increased the richness and feasibility of the design of previous
alternating copolymers. The alternating copolymers obtained
by LAP in the early stage needed to be hydrogenated to obtain
novel periodic polymers. The specific hydrogenation process is
described in the ESL{ In this way, five new periodic polymers,
pd-DEP, pd-DES, pd-DSEE, pd-DPP and pd-DSS, were obtained.
DPE-ait-IP, DPE-ait-1-PB and DPE-alt-CBVB showed signifi-
cant changes in the unsaturated region of the '"H NMR spectra
before and after hydrogenation because of the double bond of
their polymer backbones. Hence, the hydrogenation degree of
each hydrogenated product could be directly calculated based
on the integral of the hydrogen spectrum (ESI eqn (S13-2),
(S14) and (S15)1). The structure of the hydrogenated polymer
was characterized by DEPT-135°-"*C NMR and *C NMR (ESI
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Scheme 2 Periodic polymers prepared by the hydrogenation of alternating polymers.
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Fig. S13-S157). The unsaturated carbon peaks of DPE-alt-IP at
6 =130.0-132.0 ppm, DPE-alt-1-PB at § = 132.0-140.0 ppm and
DPE-alt-CBVB at § = 130.0-137.0 ppm all disappeared; these
results further confirmed that the degree of hydrogenation was
high. The degree of hydrogenation for the above three struc-
tures is shown in Fig. 2. Moreover, it can also explain the
acquisition of a strictly periodic structure.

However, no change was observed in the unsaturated hydro-
gen in the "H NMR spectra of DPE-alt-DMBD and DPE-ait-DPB
before and after hydrogenation. Therefore, the degree of hydro-
genation of the polymers could only be analyzed using inverse-
gated carbon IG-'>C NMR (Fig. 3). Since the Npypp/Nppr ratio
was 1.09, the number of unsaturated seasonal carbons on the
DPE structural unit in the polymer chain remained unchanged
after hydrogenation (5 = 148.1-148.7 ppm). Using these data as
a reference, the degree of hydrogenation could be calculated
based on the change in the unsaturated seasonal carbon
content of the DMBD structural units. After characterization by
IG->C NMR and the integration of the spectrum, less than
27% of the double bonds in the chain were not hydrogenated.
The specific calculations can be found in ESI eqn (S11-1).1 The
inefficient hydrogenation was caused by the presence of two
methyl substituents adjacent to the double bond in the DMBD
unit, which affected the hydrogenation efficiency. Similarly, in
DPE-alt-DPB, Nppp/Nppg = 1.12. Notably, the number of qua-
ternary carbons on the phenyl rings of DPB remained
unchanged after hydrogenation in alternating polymer chains
(see Fig. 3, § = 124.5-129.5 ppm). IG->C NMR was also used to
calculate the unsaturation of the polymer chain. Integral calcu-
lations revealed that the degree of hydrogenation of the alter-
nating copolymer was greater than 87% (ESI equation (S12-

P o

pd- EP

&

P P,

/ 50 50| oo
O |

View Article Online
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1)t). Furthermore, the degree of hydrogenation could also be
determined by analyzing the ratio of unsaturated carbons on
the benzene ring using the DPE unit and the DPB unit. (ESI
equation (S12-2)%).

Therefore, based on the above experimental results, the use
of anionic polymerization and simple post-functionalization
successfully produced a periodic polymer with a strict
sequence arrangement. These periodic sequences contained
structures such as ethylene and propylene, which were difficult
to obtain using traditional aggregation methods. Nonpolar
monomers such as ethylene, propylene, and styrene could not
be obtained through LAP with controlled molecular weights
and narrow distributions. However, the copolymerization of
nonpolar monomers could also yield unique and exceptional
properties in the resulting rubber. In this study, DPE-alt-IP
and DPE-alt-DMBD polymers were successfully functionalized,
and copolymer sequences of ethylene and propylene were
easily introduced into the polymer chains. The addition of
1-PB and CBVB introduced copolymer sequences of ethylene
and styrene. As the polymer sequence changed from an alter-
nating structure to a periodic structure, T, significantly
decreased compared with that of the non-hydrogenated
polymer. T, is an important factor that indirectly affects the
flexibility of polymer chains. Generally, the independent
double bonds in the polymer backbone increase the flexibility
of polymer chains and reduce the glass transition temperature.
However, all five sets of data in this study revealed that satur-
ation of the double bond in the polymer backbone led to a
lower glass transition temperature of the polymer (ESI
Fig. S22%). This result occurred because the rotation of the
carbon-carbon single bond improved the mobility of the

PP
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Chemical shift(ppm)

Hydrogenation degree > 83%

Fig. 2 'H NMR spectra of alternating polymers and periodic polymers: (a) for the copolymer of DPE with IP; (b) for the copolymer of DPE with

1-PB; and (c) for the copolymer of DPE with CBVB.
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polymer chain, which led to a decrease in the glass transition
temperature of the polymer (see Scheme 3a and Table 2).
Compared with pd-DPP, when the degree of polymerization
was similar and when the arrangement density of the methyl
substituents in the periodic structure increased (pd-DEP), the
friction between the chain ends increased and the T, of the
periodic polymer increased by 26 °C (see Scheme 3b-1).

However, compared with pd-DPP, when the methyl substituent
in the periodic structure became a benzene ring, the steric re-
sistance between the structural units became greater, resulting
in more difficult chain segment movement. Therefore, the T,
of the periodic polymer changed from 117 °C to 133 °C (see
Scheme 3b-2). By comparison, pd-DSS and pd-DPP not only
had simple periodic arrangement structures but also extended

A
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Scheme 3 Glass transition temperatures of alternating polymers and periodic polymers. (a) The Ty of base polymers and hydrogenation polymers;
(b-1) Run 1 (2#) and run 3 (2#); (b-2) run 3 (2#) and run 6 (2#); and (b-3) run 5 (2#) and run 8 (2#).
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Table 2 Results obtained for the alternating polymers and periodic polymers

Before hydrogenation 1#

After hydrogenation 2/

Run Sample M, [kg mol™] PDI T,? (°C) M, ? [kg mol™] PDI T,? (°C) Hydrogenation degree ° (%)
3 DPE-alt-DMBD 13.5 1.07 125 14.2 1.08 117 72
6 DPE-alt-DPB 15.1 1.17 161 15.7 1.15 133 87
1 DPE-alt-Ip 16.6 1.32 109 17.5 1.21 91 91
5 DPE-alt-1-PB 23.7 1.87 83 24.0 1.74 61 97
8 DPE-alt-CBVB 13.5 1.25 98 13.5 1.22 69 83

“ Determined by SEC using PS as a standard. ? Glass transition temperature. ° The degree of hydrogenation was calculated using ESI eqn (S11-1)-

(S11-3), (S12-1), (S12-2), (S13-1), (S13-2), (S14) and (S15).}

the arrangement of the periodic structure. PDPPDP and
SDSSDS are “head-tail” structures. PDPPDP is the equivalent
of inserting a second monomer into two propylene monomers.
This is a new polymer structure and can be used as a template
polymer to provide a reference for the synthesis of more precise
positioning sequence polymers. SDSSDS is equivalent to adding
a monomer to two styrene monomer units; this structure is
difficult to produce using general copolymerization. On compar-
ing SDSSDS with the work of Knoll and coworkers from the BASF
on “super-polystyrene”,*” it was a pleasant surprise to find that
the T, of DPE-ait-DPB (161 °C) in this work is very close to that of
St-alt-DPE in the aforementioned reference; it was also found
that the T, (133 °C) of pd-DSS is very similar to that of the St/DPE
copolymer containing 35% DPE in “super-polystyrene”. The com-
parison of this data also proves that the relationship between the
polymer structure and the thermal properties can be designed
and predicted. In addition, the length of the polymer carbon
skeleton also affects the thermal performance. pd-DES and pd-
DSEE have C6 and C8 skeleton structures, respectively, with the
same types of structural units in the polymer backbones. An
increase in the length of the periodic sequence enhances the
flexibility of the chain, leading to a significant decrease in the T,
(see Scheme 3b-3).

Conclusion

The focus of this study was on the synthesis of periodic poly-
mers with precise sequences. Through the synthesis of alter-
nating copolymers, periodic polymers with five new structures,
including pd-DEP, pd-DES, pd-DSEE, pd-DPP and pd-DSS, were
obtained through hydrogenation. In the synthesis of alternat-
ing copolymers, DPE-alt-IP, DPE-alt-DMBD, DPE-alt-1-PB and
DPE-alt-DPB were used to change the kinetic behavior of the
copolymer by adjusting the polymerization temperature,
solvent and feeding ratio through LAP. The sequence was sub-
sequently regulated. DPE-alt-CBVB is a strictly alternating
polymer obtained by the AMROP mechanism through
common anionic copolymerization and transfer ring-opening
polymerization. After the polymeric backbone was hydrogen-
ated and saturated, nonpolar olefins, such as ethylene, propy-
lene and styrene, were successfully inserted into the DPE struc-
tural unit according to different arrangement combinations;

288 | Polym. Chem., 2025, 16, 280-289

thus, a periodic polymer with a strict arrangement was
obtained. When the polymer backbone was saturated, the T, of
the polymer decreased, indicating that the rotation of the
carbon-carbon single bond increased the flexibility of the
polymer. The T, values of the polymers with similar periodic
arrangements were different; these results indicated that the
size of the polymer substituents and the density of the side
group arrangement strongly influenced the polymer pro-
perties. Furthermore, when the content of substituents was the
same, a change in the carbon skeleton length affected the
thermal performance of a polymer. Therefore, controlling the
length of the periodic sequence, as well as the position, size,
and arrangement density of the substituents, could signifi-
cantly affect the performance of polymers.
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