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Main observation and conclusion

The on-demand building copolymer structures, from sequence to architecture, is crucial in understanding the relation between pol-
ymer structure and property, meanwhile motivating the innovation of polymer hierarchy. However, the challenge is conspicuous for
complicated polymer structures from inherently intricate polymerization. In this work, copolymers with tailored grafting density and
distributions were achieved using successive latent monomer and grafting-from strategies. The hydroxyl group functionalized fu-
ran/maleimide adduct (FMOH) was selected as the latent monomer for RAFT polymerization of an array of copolymers with tailored
localization of hydroxyl group along the main chain. The hydroxyl group further initiated the ring opening polymerization (ROP) of
L-lactide or e-caprolactone, resulting in a library of multicomponent copolymers via grafting-from strategy. The initiating efficiency
reached to ~100% with variable molecular weight (21 300—58 600 Da) and narrow distributions (B < 1.25), indicating that such
graft copolymers possessed controlled density and distribution of side chains as its linear template. The investigation on thermal
properties of the well-defined graft copolymers implied that the precise tailoring over copolymer structures at the molecule level
could lead to tunable chemical/physical properties. This work bridged polymer from sequence to architecture, unveiled a new meth-
od in creating graft copolymers with programmable structures and provided the insight into the structure/property relationship.
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Background and Originality Content

Precise control over polymer sequence and architecture is es-
sential for both understanding the structure-property relationship
and designing optimal materials."! Graft copolymers, construct-
ed by grafted polymeric side chains on the linear backbone, are
one of the important polymer topologies which benefited from
exquisite control over the structures, therefore exhibiting diverse
and variable self-assembled morphologies, solution behaviors as
well as mechanical properties.[A'S] They have become an area of
great interests especially in supersoft elastomers,[sl rheology con-
trol agents,[7 8l biosensors,[9’1°] lubricants™ and drug-delivery
materials.*>** Meanwhile, regulation of the density and distribu-
tion is decisive to the performance of graft copolymers, including
mechanical properties, physical behaviors, self-assembly process
and stimuli-responsive properties.[s’ls’m

Various strategies and chemistries have been developed to-
ward the graft copolymers with controlled density and distribu-
tion.”>*® For instance, Perrier and co-workers have prepared a
library of poly(styrene-co-maleic anhydride) by RAFT polymeriza-
tion with controlled sequence and architectures including alter-
nating, diblock, multiblock, multisite, and alternating star. These
polymers were subsequently functionalized with long aliphatic
alcohols via grafting-onto strategy, leading to well-defined archi-
tectures with controlled side group density and distribution.®?®
Taking advantage of the different reactivity of co-monomer pairs,
Grubbs and co-workers demonstrated an efficient grafting-
through approach for simultaneously controlling the grafting den-
sity and side chain distribution by ring opening metathesis poly-
merization of norbornene-functionalized macro-monomer and
norbonernenyl diester.?*% Kamigaito and co-workers reported
the synthesis of ABB periodically graft copolymers by direct radical
copolymerization of functionalized limonene (A) and maleimide
derivatives (B) in fluorinated alcohol and subsequently allowed for
a grafting-from installation of poly(methyl methacrylate) side
chain.®Y Based on grafting-onto strategy for sequence regulation
via living anionic polymerization, three architectures with similar
number of SiH functional groups per chain but totally different
sequence, i.e., gradient, tandem and symmetrical structures, were
successfully achieved by Ma and coworkers.?

Essentially, the control over the density and distribution of
side chains is the programmable placement of co-monomer units
along the main chain, namely sequence control. Despite the for-
midable task as next “Holy Grail” or one of the “ultimate goals” in
polymer synthesis, the sequence control over the polymer struc-
tures has received intense attention in recent years, largely on
account of their enticing properties.[1’33'39] Tremendous efforts
have been devoted and many methodologies have been devel-
oped for sequence-controlled polymers, including controlled
monomer addition, """ template monomers“**"! and hydrogen
bonding regulation.[31'36'37’48'53] In 2017, our group proposed a
latent monomer strategy to achieve the sequence controlled
goal."**® The furan/maleimide adduct was regarded as the latent
monomer, which was inhibited for radical polymerization at low
temperature. After elevating temperature, the polymerizable

maleimide can be released via the retro Diels-Alder (rDA) reaction.

The in-situ released maleimide was immediately involved in the
polymerization, thus creating the desired placements of malei-
mide motifs along the growing chain. Such latent monomer strat-
egy endowed a building platform for tailored sequence in a
non-invasive and one-shot feeding manner.

Herein, we bridged the polymeric architecture with program-
mable sequence by successive control over the latent monomer
as well as grafting-from strategies, leading to the constructions of
architectures with tailored side chain density and controlled dis-
tribution (Scheme 1). The furan/N-(2-hydroxyehtyl) maleimide
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adduct (FMOH) was selected as the latent monomer for generat-
ing an array of sequence-controlled polymers via RAFT polymeri-
zation of styrene (St) and FMOH with programmable temperature
change. In the sequence-controlled polymers, the N-(2-hydroxy-
ehtyl) maleimide (MOH) was deposited along the polymer chain
with controlled distributions. The hydroxyl groups of MOH further
efficiently initiated the ring opening polymerization (ROP) of
L-lactide (L-LA) or e-caprolactone (e-CL) to extend the side chains
on the polymer. As a consequence, graft copolymers with con-
trolled side chain density and distribution were synthesized
(Scheme 1). This work endowed a general and adaptable platform
for building well-defined architectures, advancing the methodol-
ogy research on precision polymer synthesis.

Scheme 1 Schematic illustration on the construction of well-defined
polymeric architectures via successive control over latent monomer as
monomer
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— Strategy — & o trategy / % ; l i E
(RAFT) (ROP) W §§
by
Controlled sequence Controlled graft density
and distribution

Latent graftmg |

Latent Monomer

<49°C o ’ 0
= _ 9
— . [ Ww—~_on T H w, )
) 2110°C v e Q o= )O’ or /°>
o ° Q@ T =

O
L-Lactide e-caprolactol
Co-monomers H

Polymerizable
monomer

Un-polymerizable
(Latent) monomer

Results and Discussion
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In this work, the latent monomer (FMOH) bearing initiating
moiety for grafting side chain was synthesized and characterized
(Scheme S1 and Figures 51—52).[57] The temperature-dependent
rDA reaction for releasing maleimide was identified through the
'"H NMR. Approximately 93% of FMOH was converted to malei-
mide via rDA reaction within 10 h at 110 °C, while no remarkable
rDA reaction was observed at 40 °C within 60 h (Figure S3). This
result confirmed the strong temperature dependence of rDA reac-
tion, guaranteeing the sequence controlled strategy and the de-
sired placement of MOH along the polymer chain by programma-
ble change of temperature (Figure 1A).

The RAFT polymerization of St and FMOH ([St]o/[FMOH], =
100 : 10) was firstly conducted at 110 °C (Table 1, entry 1). The
conversion of St and FMOH was determined by 'H NMR (Figure
S4). As conveyed in Figure 1B, the consumption of FMOH syn-
chronized with St conversion at 110 °C, which resulted in the
polymer sequence with averagely distributed MOH units. The
cumulative (F.,m) and instaneous (Fi,s;) contents of FMOH were
displayed in Figure 1C, which clearly confirmed the statistical
placements of MOH units with 14.2% incorporated into the poly-
mer chain. The good livingness of the RAFT polymerization was
proved by size exclusion chromatography (SEC), which confirmed
the uniformity of the chain-to-chain sequence structure (Figure
S5). The final polymer (L1) was purified by precipitation and rig-
orously characterized by SEC and "H NMR (Figure 2 and Figure S6).
As mentioned, the rDA reaction for releasing polymerizable MOH
monomer was temperature dependent, which provided the pos-
sibility to manipulate the sequence of the structures by pro-
grammable polymerization temperature. A temperature sequence
of 40 °C (36.5 h)—110 °C (7.0 h) was employed for synthesis of
the sequence-controlled diblock polymer, i.e., L2 (Table 1, entry 2).
As depicted in Figure 1D, during the 1% slot (40 °C, 36.5 h), RAFT
polymerization of St proceeded slowly and no MOH was released.
As a result, a homo-polystyrene block was created in the 1% slot,
which was confirmed by the existence of St repeating units in

Chin. J. Chem. 2021, 39, 1273—1280
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Figure 1 Sequence-controlled polymers through latent monomer strate-
gy (A). Kinetic plots of the copolymers (B, D, F, H) with temperature se-
quence: 110 °C (B and H); 40 °C—110 °C (D); 40 °C—110 °C—40 °C (F).
Cumulative (F.m) and instantaneous (Fi.s:) contents of MOH as a function
of normalized chain length) (C, E, G, 1). [St]o/[FMOH]o/[CPDN]o/[ACHN], =
100/10/1/0.2, St = 5.0 mL, in DMF, DMF/st (1/1, V/V) (B, D, F)
[St]o/[FMOH]o/[CPDN]o/[ACHN], = 100/20/1/0.2, St = 5.0 mL, in DMF,
DMF/St (1/1, V/V) (H). The model diagram of polymer chains is not accu-
rate but as the general illustration. The F;, profile has been smoothed.

MALDI-TOF mass spectra (104.09 Da, Figure S7). The reaction was
further moved to a pre-stabilized oil bath at 110 °C, for another
7.0h (2nd slot). Upon transferring to 110 °C, the rDA reaction was
initiated and MOH was gradually released and immediately pol-
ymerized with St. Therefore, the second block containing both St
and MOH units was formed. The sequence was also verified by
the changes in Finst mon @and Feym, mon With the normalized chain
length (Figure 1E). The target polymer contained approximately
14.5% of MOH content. SEC traces in Figure S8 indicated the good
livingness of this polymerization. Moreover, the triblock copoly-
mer L3 was also pre-designed and created with temperature se-
quence of 40 °C (36.0 h)—110 °C (3.5 h)—40 °C (32.5 h) (Table 1,
entry 3 and Figures S10—S11). As shown in Figure 1F, during the
1% slot, a homo PS segment was formed and no releasing of MOH
was observed. In the 2™ slot, the polymerization was exposed to
110 °C (3.5 h), and FMOH gradually released MOH, which copol-
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ymerized with St to form a hetero-block. The polymerization
temperature was changed back to 40 °C (32.5 h) at the final stage.
Similar to the 1% slot, the rDA reaction for releasing MOH was
ceased. Therefore, a second homo-PS segment was fabricated as
the third block. This triblock sequence structure was also con-
firmed by Finst, mon and Feym, mon contents of MOH with normalized
chain lengths (Figure 1G). The polymer (L4) with similar sequence
to L1 but higher MOH content (23.6%) was successfully synthe-
sized under the identical condition by only increasing the feed
ratio from [St]y/[FMOH], = 100:10 to 100: 20 (Figures 1H—1I and
$12—S13) (Table 1, entry 4). Meanwhile, another diblock copoly-
mer (L5) with the similar MOH distribution but higher MOH con-
tent (22.7%) (Table 1, entry 5) was also successfully synthesized by
increasing the feed ratio with [St]o/[FMOH], = 100 : 20 (Table 1
and Figures S14—S16). These results established that the latent
monomer FMOH could be utilized for sequence regulation, and
the content of MOH can be readily manipulated by changing the
feed ratio of the co-monomers.

In summary, by intentionally manipulating the temperature of
polymerization, five sequence-controlled polymers, i.e., averagely
distributed (L1, L4), diblock (L2, L5) and triblock (L3), with differ-
ent molecular weights (~10400—15400 Da), MOH contents
(~14.2%—23.6%) and distributions were created (Table 1). All the
sequence-controlled polymers were purified by precipitation and
rigorously characterized by SEC and 'H NMR. The SEC elution pro-
file showed narrow and unimodal traces (Figure 2A). Characteris-
tic resonances from the terminal naphtyl group (a, 6 8.02—7.60),
hydroxyl groups in MOH units (b, § 4.85—4.50) and phenyl groups
of PS (c, 6 7.43—6.10) were clearly identified (Figure 2B and Fig-
ures S6, S9, S11, S13, S15).

A)

MJ/Da B
10,700 1.18
11,000 1.28
10,400 1.35
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Figure 2 SEC traces of sequence-controlled polymers (A). The 'H NMR

spectrum of L1 in DMSO-ds (300 MHz) (B).

Aliphatic polyesters from lactones or lactides have long been
attractive in both industry and academia as a consequence of
their good biodegradability, biocompatibility as well as unique
thermal properties.[59'65] In this work, poly(L-LA) (PLLA) or
poly(e-CL) (PCL) was designed as the side chains of the graft co-
polymer. The hydroxyl groups with controlled locations on the
sequence-controlled polymers were used as initiating sites for the
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ring opening polymerization (ROP) of L-LA or e-CL (Figure 3A). The
ROP was performed under the [OH]/[L-LA] molar ratio of 1:20 at
40 °C for 48 h. For the ROP of &-CL, the [OH]/[e-CL] feed molar
ratio changed to 1:80 and polymerized by using Sn(Oct), as the
catalyst at 100 °C (Supplemental Information Section A3.3). An
array of graft copolymers was readily obtained via grafting-from

strategy.

8 4
Chemical Shift

Figure 3 ROP of L-LA or &-CL for well-defined architectures via grafting-
from strategy (A). '"H NMR spectra of L1, A1 and C1 in DMSO-ds (300 MHz)
(B).

The structures of the graft copolymers were verified by SEC
and "H NMR (Figures $17—519), and the results are listed in Table
2. The 'H NMR spectra of typical graft copolymers (A1 and C1) as
well as linear precursor (L1) are presented in Figure 3B. Compared
with the precursor, the resonance signals at 6 5.20 (b’), 1.45—
1.24 (c’) are ascribed to PLLA in Al. Meanwhile, the 6 3.96 (e”),
2.25 (b”), 1.50 (c”’) and 1.29 (d”’) are assigned to the characteristic
signals of the methylenes in PCL segments in C1. These results
confirmed the successful grafting of side chains to the L1. More
importantly, grafting efficiency reached to almost 100% according
to the disappearance of the proton resonance at & 4.60, which
was assigned to the hydroxyl group in MOH moieties. These re-
sults demonstrated that the graft copolymers possessed con-
trolled density and distribution of side chains, inheriting from the
corresponding sequence-controlled linear precursors. The degree
of polymerization (DP) and the composition ratio of side chain
were calculated from *H NMR (Figures S17—S18). Moreover, the
SEC curves of the graft copolymers derived from L1 were pre-
sented in Figure S19a. Unimodal, symmetrical, and narrow dis-
tributed SEC traces (D < 1.25) as well as an apparent molecular
weight shift were obtained. The graft copolymers with similar
molecular weights, dispersity and side chain compositions
(feciypuia), but with different precursors are listed in Table 2.
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Meanwhile, the graft copolymer A4 resulted in the higher MW
and content of side chain than its analogue A1, owing to the
higher MOH content of its linear precursor. Similar graft copoly-
mers with controlled grafting density and distribution were also
obtained using PCL as the side chains. These results confirmed
that the sequence-controlled polymers could be used as the ideal
template for constructing well-defined architectures via grafting-
from strategy.

Table 1 Summary of the sequence-controlled polymers (SCPs) created
by latent monomer strategy

Entry SCPs  [Stl/[FMOH]Y  Fummon/% Mysec/Da D¢ T/°C
1 1 100: 10 14.24 10700 1.18 118.0
2 12 100:10 14.48 11000 1.28 117.8
313 100: 10 13.71 10400 135 111.8
4 14 100:20 23.55 14800 1.18 133.6
5 L5 100:20 22.68 15400 1.36 133.8

© 2021 SIOC, CAS, Shanghai, & WILEY-VCH GmbH

“[CPDN]o/[ACHN], = 1/0.2, St = 5.0 mL, in DMF, DMF/St (1/1, V/V). ° Calcu-
lated by in situ "H NMR.  Determined by SEC with St standard calibration.
dTg was characterized by DSC.

An array of graft copolymers with predetermined side chain
densities and distributions was demonstrated in this study
through the programmable latent monomer and grafting-from
strategies, which could be ideal for precisely discovering the rela-
tionship regarding the polymer structures and properties. Espe-
cially, the study of the thermal properties of polymers with similar
MWs and compositions but different topologies necessitated the
applications of the different polymer architectures. In this work,
the thermal properties of the graft copolymers were evaluated by
differential scanning calorimetry (DSC) (Figures S20—S21). As
shown in Figure 4A and Table 1, the incorporation of MOH units
remarkably increased the glass transition temperature (Tg) to
111.8—133.8 °C, comparing with the T, of homo-PS (95.7 °C) for
the sequence-controlled polymers, as the consequence of the
incorporation of the heat-resistant maleimide units.”™ More
MOH units resulted in higher T,, 118.0 °C for L1 and 133.6 °C for
L4. For sequence-controlled polymers with similar MOH contents
but different monomer distribution, L3 has a relatively lower T, at
111.8 °C as it contains two homo-PS segments, which leads to a
more flexible chain than the other two linear polymers (L1 and
L2).

Table 2 Summary of the graft copolymers created by successive latent
monomer and grafting-from strategies
Graft
copolymers

Mase'/Da D° DPuc” founpa’/% Tom/°C TE/°C

Al 21300 1.16 42.5
A2 21700 1.23 38.5 52.2 -

9 50.8 -
8

Grafted PLLA A3 22000 1.24 9 39.9 59.2 -
7
6

A4 27800 1.18 52.8 55.4 —
A5 30600 1.24 47.6 59.1 —
Cl 49800 1.24 56 86.8 51.7 19.8
C2 47100 1.20 56 85.8 51.3 182
Grafted PCL €3 49200 1.15 49 88.5 51.0 175
C4 50700 1.22 37 87.6 49.0 118
C5 58600 1.24 37 90.6 48.5 113

“Determined by SEC with St standard calibration. ® Determined by "H NMR.
T, Tm and T, (T, was for sequence-controlled polymers and grafted PLLA
copolymers, while T,, and T, were for grafted PCL copolymers) were char-
acterized by DSC.

For graft copolymers (Figure 4A and Table 2), taking grafted
PLLA series as an example, a significant drop in T, was observed
for grafted PLLA copolymers compared with their corresponding

Chin. J. Chem. 2021, 39, 1273—1280



Bridging from the Sequence to Architecture

linear precursors due to the homo PLLA side chain (T;: 50—80
°C). 166%7) Furthermore, Al (brush-like), A2 (tadpole-like) and A3
(linear-brush-linear) with similar grafting density but different
distribution displayed different T,. A3 possessing a linear-brush-
linear type topology displayed the highest T, (59.2 °c), while
brush-like A1 had the lowest T, (50.8 °C) (Table 2 and Figure 4A). It
has been reported that entanglements in amorphous polymers
could affect the relative chain motion in the glassy state.l™! Here,
the two homo-PS segments of A3 might cause more entangle-
ments than A2, which decreased the flexibility of the graft co-
polymers and reflected a higher T, value. In grafted PCL system,
C3 with linear-brush-linear type topology demonstrated the lowe-
st T, than other analogues (C1 and C2). Such decrease could be
attributed to the entanglements, which induced crystalline imper-
fections during the crystallization (foq, > 80%) (Figure 48).[2%616970)
The results indicated that the thermal properties could be tuned
by regulating the grafting density and distribution.
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Figure 4 DSC results of graft copolymers and their corresponding se-
quence-controlled polymers, in the second heating run (A). Proposed
explanation of the different thermal behaviors within the different topolo-
gies of graft copolymers (B).
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reached to approximately 100%, guaranteeing the controlled
distribution of the side chains from the linear precursor. The
on-demand architectures resulted in the different thermal prop-
erties such as the crystallization or glass transition, which provid-
ed the insight in exploring the structure-property relationship.
This work offered a general and adaptable platform for graft
polymers engineering with tailored side chain density and distri-
butions, endowing an example for building variable polymers
architecture with well-defined properties.

Experimental

Conclusions

In this study, we demonstrated the construction of well-de-
fined polymeric architectures with controlled density and distri-
bution of side chains by successive control over latent monomer
as well as grafting-from strategies. The latent monomer allowed
to produce a series of linear polymers with predetermined loca-
tions of the pendent hydroxyl groups, which could further initiate
the ROP of L-LA or &-CL for the PLLA or PCL side chains via graft-
ing-from strategy. The initiating efficiency of hydroxyl group

Chin. J. Chem. 2021, 39, 1273—1280
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General procedure for the synthesis of FM

Furan (64.0 g, 0.94 mol) was added to a solution of maleic
anhydride (40.0 g, 0.41 mol) in diethyl ether (300 mL), and the
mixture was stirred at room temperature for 41 h. After the reac-
tion was completed, the solid was filtered through the suction
filtration and washed with dry ether (3x20 mL). Compound FM
was dried and obtained as a white solid (57.20 g, 84.4% vield). 'H
NMR (300 MHz, CDCl3) &: 6.58 (t, 2H), 5.46 (t, 2H), 3.18 (s, 2H).

General procedure for the synthesis of FMOH

Compound FM (30.0 g) was added to 300 mL of anhydrous
methanol. The suspension was cooled to 0 °C. A mixed solution of
ethanolamine and anhydrous methanol (volume ratio of 1:1) was
slowly added dropwise to the suspension. The reaction mixture
was then returned to room temperature and stirred for 0.5 h. The
reaction solution was further refluxed at 70 °C for 14 h. After the
completion of the reaction, the resulted solution was cooled to
room temperature and placed in an ice bath for crystallization.
The solid was filtered through suction filtration, washed with cold
methanol and dried. The resulting white solid was the monomer
FMOH (25.80 g, 68.3% vyield). 'H NMR (300 MHz, DMSO-dg) &:
6.55 (s, 2H), 5.12 (s, 2H), 4.77 (t, 1H), 3.50—3.36 (d, 4H), 2.92 (s,
2H).

Typical procedures for RAFT polymerization of St and FMOH
with programmable fluctuations of temperature

The polymerization was carried out in an oven-dried Schlenk
tube under argon protection. A general procedure for a St/FMOH
di-blocky copolymer was provided. All polymerizations were per-
formed in the glass tube with FMOH (0.914 g, 4.37 mmol), CPDN
(0.118 g, 0.437 mmol), St (5.0 mL, 43.7 mmol), ABVN (0.022 g,
0.087 mmol), and DMF (5.0 mL). The mixture was then degassed
by three freeze-pump-thaw cycles. The reaction tube was placed
in a water bath kept at 40 °C. After a predetermined time, the
tube was moved to another pre-stabilized oil bath at 110 °C. To
prevent the polymer chain from loss of livingness during the
temperature change, we normally add a certain amount of initia-
tor azobis(cyclohexanecarbonitrile) (ACHN). At predetermined
intervals, an aliquot was taken out with a syringe under argon,
and the reaction was terminated by cooling to —20 °C. The mon-
omer conversion was determined by 'H NMR spectroscopy. The
crude copolymer was diluted with THF and precipitated in cold
anhydrous MeOH to obtain the pure product, which was further
analyzed by SEC and 'H NMR spectroscopy.

Synthesis of graft copolymers

Method for grafting PLLA. The sequence-controlled polymer,
L-LA and DMAP were added into DCM with the ratio 1:20:4 (se-
quence-controlled polymer : L-LA : DMAP). The polymerization was
carried out in a Schlenk flask at 40 °C for 48 h under argon and
terminated after several minutes by removal of heat and exposure
to oxygen. The polymer was then precipitated in cold MeOH and
dried under vacuum.

Method for grafting PCL. The sequence-controlled polymer,

1277

www.cjc.wiley-vch.de



Concise Report

e-CL and Sn(Oct), were added into toluene with the ratio 1:80:4
(sequence-controlled polymer : e-CL : Sn(Oct),). The polymeriza-
tion was carried out in a Schlenk flask at 100 °C for 4 h under ar-
gon and terminated after several minutes by removal of heat and
exposure to oxygen. The polymer was then precipitated in cold
MeOH and dried under vacuum.
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