
Polymer
Chemistry

COMMUNICATION

Cite this: Polym. Chem., 2018, 9,
1571

Received 26th December 2017,
Accepted 9th February 2018

DOI: 10.1039/c7py02125a

rsc.li/polymers

Facile synthesis of advanced gradient polymers
with sequence control using furan-protected
maleimide as a comonomer†
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Gradient polymers are intriguing structures due to their unknown

structure/property relationships and potential applications. Herein,

advanced gradient copolymers were prepared from comonomers

methyl methacrylate and furan-protected propyl maleimide (FPMI)

via a reversible addition–fragmentation chain-transfer (RAFT)

polymerization. During RAFT polymerization at 100 °C, propyl

maleimide (PMI) was generated in situ from FPMI via a retro-Diels–

Alder (rDA) reaction to undergo copolymerization in a gradient

manner due to intrinsic reactivity ratios. At 40 °C, the rDA reaction

for PMI release was not triggered. Many unprecedented gradient

polymers, including simultaneous, hierarchical, di-block, sym-

metrical, and tri-block gradient copolymers, were successfully fab-

ricated. Finally, the sequence-dependent thermal properties were

explored. This work greatly enriches the library of gradient poly-

mers and advances research into sequence-controlled

polymerization.

Gradient copolymers are sequence-controlled polymers with
compositions that gradually change from one chain end to the
other. They have many attractive properties owing to their
unique microstructure. For example, compared with block or
random copolymers, gradient copolymers have shown distinct
microphase separation,1–3 broad enthalpy recovery,4 improved
polymer blend compatibilization,5 and special interfacial inter-
actions.2,3,6,7 With the advent of controlled radical polymeriz-
ation (CRP), the preparation of gradient copolymers with good
chain homogeneity has become more feasible.1,4,7–14 In
general, two methods are used to prepare gradient copolymers
via CRP: (i) simultaneous batch copolymerization of two como-
nomers with inherently different reactivity ratios, which
creates a simultaneous gradient and (ii) semi-batch copolymer-

ization with continuous feeding of one comonomer, which
generates a controlled (or forced) gradient.6,10 Using either of
these two methods, a variety of gradient copolymers have been
prepared from different comonomer pairs. However, gradient
copolymers with advanced sequence control have yet to be
widely exploited,15 despite their potential for unique and inter-
esting properties/functions.16 To fabricate advanced gradient
polymers, more sophisticated strategies are required.

Accordingly, sequence-controlled polymers have received
significant attention in recent years.17–23 In contrast to
sequence control via step/iterative growth polymerization,24–38

sequence control via chain growth polymerization is highly
challenging due to its intrinsic mechanism. Despite this,
much effort has been devoted to sequence-controlled chain
polymerization, with many pioneering studies
reported.6,33,38–63 Recently, our group has demonstrated an
efficient strategy for preparing sequence-controlled polymers
using furan-protected maleimide as a latent monomer.64 This
strategy relies on the temperature-dependent retro-Diels–Alder
(rDA) reaction of furan and maleimide. By deliberately manip-
ulating the temperature of styrene (St) CRP, polymerizable
maleimide units can be released via rDA reactions and incor-
porated into the “living” polymer chains at customized posi-
tions. This latent monomer-based strategy provides a promis-
ing method for preparing sequence-controlled polymers.

The sequence created by chain polymerization is highly
dependent on the intrinsic reactivity ratio (r) and feed ratio of
each comonomer.65 Alkyl methacrylate and maleimide have
been reported to have r values of 0.833–3.22 and 0.07–0.47,
respectively, depending on the specific monomer
structure.66–72 Accordingly, simultaneous gradient copolymers
have been inherently produced from the copolymerization of
methyl methacrylate (MMA) and maleimide.73–75 By applying
furan-protected maleimide as a comonomer, it is envisaged
that polymerizable maleimide monomers will be increasingly
released at higher temperatures via the rDA reaction, resulting
in gradual incorporation into the growing chain. Notably, free
furan cannot polymerize with MMA via radical polymerization,
as shown by control experiments (Table S1, ESI†).
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Consequently, controlled (or forced) gradients can be gener-
ated. However, at lower temperatures, such as 40 °C, male-
imide cannot be released; as a result, maleimide units are not
incorporated into the polymer chain. Herein, for the copoly-
merization of MMA with furan-protected maleimide as a como-
nomer, the facile preparation of gradient copolymers with
advanced sequence control was envisaged using controlled
changes in the polymerization temperature. Gradient copoly-
mers with advanced sequences are shown in Scheme 1. This
work allows the broad design of advanced gradient copoly-
mers, which greatly enriches the library of sequence-controlled
polymers and facilitates further exploration of structure–prop-
erty relationships.

Unlike the cross-propagation observed using the St–male-
imide comonomer pair,76 the MMA–maleimide comonomer
pair, with r values of 0.833–3.22 and 0.07–0.47,
respectively,66–72 resulted in gradient sequences. In this work,
the MMA–furan-protected propyl maleimide (FPMI) comono-
mer pair was carefully selected for the fabrication of gradient
copolymers with advanced sequence control. Compared with
the sluggish polymerization of St at low temperatures (such
as 40 °C), the polymerization of MMA had a much higher
rate, even at room temperature, which made sequence-con-
trolled polymerization more accessible. As shown in Fig. 1,
the copolymerization of MMA and N-propyl maleimide (PMI)

was performed at 100 °C. The copolymerization was con-
trolled via reversible addition–fragmentation chain-transfer
(RAFT) polymerization, ensuring the “living” nature of the
polymerization and the homogeneity of the generated chains.
As shown in Fig. 1a, the copolymerization proceeded
smoothly in a “living” fashion, as indicated by the linear
kinetic plots, narrow molecular weight distributions, and
increased molecular weight with the increase in conversion
(Fig. S3, ESI†). The 1H NMR spectra of the polymerization
solution and recovered polymer are shown in Fig. S5 and S6
(ESI†). The changes in instantaneous PMI content (Finst,PMI)
and cumulative PMI content (Fcum,PMI) with normalized
chain length were plotted (Fig. 1b). As envisaged, the
polymerization of MMA with PMI produced a simultaneous
gradient sequence due to the large difference in the reactivity
ratio. However, when using furan-protected FPMI as a como-
nomer instead of naked PMI, a polymerizable PMI monomer
was released gradually via the rDA reaction at 100 °C, and the
polymerization kinetics showed a two-stage profile for both
monomers (Fig. 1c). Within approximately 3.0 h, the polymer-
ization of MMA and PMI showed linear kinetic plots, with a
kapp;1p;MMA of 0.356 h−1 and a kapp;1p;PMI of 0.0700 h−1, indicating that
a large portion of MMA monomer was consumed by polymer-

Fig. 1 Synthesis of MMA/PMI simultaneous gradient and hierarchical
gradient copolymers via RAFT polymerization: (a) kinetic plots of MMA
with PMI at 100 °C; (b) cumulative (Fcum) and instantaneous (Finst) PMI
unit contents in products as a function of normalized chain length for
MMA with PMI at 100 °C; (c) kinetic plots of MMA with FPMI at 100 °C;
(d) cumulative (Fcum) and instantaneous (Finst) PMI unit contents in pro-
ducts as a function of normalized chain length for MMA with FPMI at
100 °C. [MMA]0/[PMI]0 or [FPMI]0/[CPDN]0/[ACHN]0 = 200/20/1/0.2,
MMA = 5.0 mL, in toluene, toluene/MMA (2/1, v/v). Normalized chain
length (i) = Conv.total (i)/Conv.max; where Conv.max is the maximum value
of Conv.total; Fcum,PMI (i) = (1 × Conv.PMI)/(1 × Conv.PMI + 10 × Conv.MMA);
Finst,PMI (i − (i − 1)) = (1 × Conv.PMI (i) − 1 × Conv.PMI (i − 1))/[(1 × Conv.PMI

(i) − 1 × Conv.PMI (i − 1)) + (10 × Conv.MMA (i) − 10 × Conv.MMA (i − 1))].
The positions and numbers of both monomer unit beads are not accu-
rate, but are provided for illustrative purposes.

Scheme 1 Schematic illustration of the facile synthesis of advanced
gradient copolymers by manipulating the temperature with MMA/furan-
protected propyl maleimide (FPMI) as the comonomer pair: (a) simul-
taneous gradient, (b) hierarchical gradient, (c) di-block gradient, (d) sym-
metrical gradient, and (e) tri-block gradient.
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ization. During this stage, PMI was initially released and par-
tially incorporated into the polymer chain. The concentration
of free PMI in the system was also calculated and plotted
against time, as shown in Fig. 1c. The concentration of free
PMI released from the rDA reaction was clearly shown to
increase in the first 3.0 h of polymerization owing to PMI pro-
duction from the rDA reaction being faster than its consump-
tion. In contrast, the MMA concentration significantly
decreased in the first 3.0 h due to polymerization. After 3.0 h
(second stage), the concentration of free PMI (calculated from
1H NMR spectra, as shown in Fig. S5†) decreased gradually
due to the acceleration of PMI consumption (kapp;2p;PMI =
0.126 h−1) as the probability of cross-propagation between
MMA and PMI increased (kapp;2p;MMA = 0.183 h−1). The two-stage
polymerization profile was also confirmed by the change in
Finst,PMI and Fcum,PMI with normalized chain length, as shown
in Fig. 1d. In the first stage, a small portion of released PMI
was slowly incorporated into the polymer chain, creating a
gradient. However, during the second stage, the continuous
accumulation of free PMI resulted in a significant increase in
PMI incorporation into the growing chains, similar to semi-
batch polymerization with a continuous PMI feed. Therefore,
the second stage was responsible for the controlled gradient.
Overall, the polymerization of MMA with FPMI afforded a
hierarchical gradient sequence, with a simultaneous gradient
at the initial stage and a controlled gradient at the latter
stage.

At low temperatures (such as 40 °C), the rDA reaction to
release a PMI monomer cannot occur within the polymeriz-
ation timescale. Therefore, polymerization at 40 °C would
produce the homo-PMMA block. As shown in Fig. 2a, the
polymerization of MMA and FPMI at 40 °C for 17.5 h (1st slot)
created a homo-PMMA block, as denoted by the kinetic plots,
with no PMI incorporation observed. This homo-PMMA block
was further validated using matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectrometry
(Fig. S7†), which confirmed a sole mass gap of 100 Da (MMA
unit). Afterwards, the polymerization vessel (Schlenk tube)
was transferred to an oil bath prestabilized at 100 °C and
allowed to react for another 6.0 h (2nd slot). At this higher
temperature, MMA polymerization was significantly acceler-
ated. Meanwhile, the rDA reaction of FPMI was triggered at
high temperature, immediately releasing fresh PMI that was
then slowly incorporated into the “living” chain. As shown in
Fig. 2, the 2nd slot of polymerization created a gradient
MMA–PMI copolymer. Therefore, by manipulating the
polymerization temperature, a di-block gradient copolymer
containing a homo-PMMA block and a gradient MMA–PMI
block was produced. The changes in Finst,PMI and Fcum,PMI

with normalized chain length (Fig. 2b) clearly showed the
controlled sequence of the di-block gradient copolymer. The
living nature of the polymerization with the temperature
jump was demonstrated using size-exclusion chromatography
(SEC; Fig. 2c), which showed that the molecular weight
increased with conversion. Notably, the living nature was not
compromised by increasing the temperature from 40 to

100 °C, guaranteeing sequence control with good chain
uniformity.

Other gradient copolymers with advanced sequence control
were prepared using a bifunctional RAFT agent BiCPADB
(Scheme 1). BiCPADB contains two thiocarbonylthiol groups,
providing two living terminals for chain growth. Therefore, two
polymeric blocks would be created simultaneously in two
opposite directions during polymerization. Using this bifunc-
tional RAFT agent, gradient copolymers with complicated
sequences could be readily fabricated. The varied-temperature
RAFT polymerization of MMA and FPMI mediated by BiCPADB
was used as an example. As shown in Fig. 3a, polymerization
at 40 °C created a homo-PMMA block during the 1st slot of
22.5 h. During the 2nd slot at 100 °C for 5.0 h, a gradient copo-
lymer block was produced. As the living polymer grew simul-
taneously in two opposite directions, the homo-PMMA block
was located at the centre of the polymer chain with two gradi-
ent blocks at either end, resulting in a tri-block gradient co-
polymer. This clear sequence was also verified by the changes
in Finst,PMI and Fcum,PMI with normalized chain length, as
shown in Fig. 3b, where a clear block-gradient sequence was
observed. The living nature of tri-block gradient copolymer for-
mation was confirmed by SEC, which showed that the mole-
cular weight increased with conversion, affording narrow dis-
tributions (Fig. 3c). These results confirmed that a uniform tri-
block gradient sequence had been fabricated. Using the same
RAFT agent, polymerization was performed at 100 °C only,
affording a symmetrical gradient, as shown in Fig. S9 and S10

Fig. 2 Synthesis of MMA/PMI di-block gradient copolymers via RAFT
polymerization: (a) kinetic plots; (b) cumulative (Fcum) and instantaneous
(Finst) PMI unit contents in products as a function of normalized chain
length; and (c) SEC traces. [MMA]0/[FPMI]0/[CPDN]0/[ABVN]0 = 200/
100/1/0.5, MMA = 3.0 mL, in DMF, DMF/MMA (2/1, v/v). Temperature
sequence: 40 °C for 17.5 h and 100 °C for 6.0 h. The positions and
numbers of both monomer unit beads are not accurate, but are pro-
vided for illustrative purposes.
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(ESI†). An array of other advanced gradient polymers was also
successfully fabricated by significantly increasing the FPMI
loading ([MMA]0/[FPMI]0 = 200/100) to enable a greater incor-
poration of PMI (Fig. S11–13†) into the copolymer. By employ-
ing benzyl methacrylate (BzMA) as a comonomer instead of
MMA, advanced gradient polymers were prepared in a similar
manner (Fig. S14 and S15†), demonstrating the universality of
this methodology. The above results clearly showed that a
variety of gradient copolymers with sequence control could be
readily fabricated on demand in a nonintrusive manner by
employing furan-protected maleimide as a comonomer. These
results will greatly enrich the library of gradient polymers, help
advance sequence-controlled polymerization, and facilitate
research into polymer structure–property relationships.

It is envisioned that different MMA/PMI advanced gradient
copolymers might convey different properties depending on
the different positions of MMA and PMI units in the polymer
chain.16,33,77 The incorporation of maleimide units into PMMA
chains would elevate the glass transition temperature (Tg) and
thermal stability.78–81 In this work, the Tg and thermal stability
of different advanced gradient copolymers were explored
(Fig. S16†). As shown in Table 1, the incorporation of PMI
units into PMMA chains significantly enhanced both the Tg
and onset temperature of decomposition (Td5). Higher PMI
contents afforded higher Tgs, irrespective of the type of gradi-
ent. For example, for the hierarchical, tri-block, symmetrical,
and simultaneous gradient copolymers with similar molecular
weights (∼21 000 Da) and PMI contents (∼5.6–8.0%), the Tgs

were found to be similar.33,77 A relatively low amount of PMI
units in the polymer chain was possibly responsible for similar
glass transition behaviour. However, regarding the thermal
stability, the tri-block gradient copolymer exhibited a Td5
(316.8 °C) almost 20 °C lower than those of the hierarchical,
symmetrical, and simultaneous gradient copolymers (around
335 °C). This might be attributed to the existence of the homo-
PMMA block in the tri-block gradient copolymer, which sig-
nificantly reduced the thermal stability. However, further
understanding of this issue is required, which has motivated
us to synthesize more advanced gradient copolymers on
demand in future work.

In this work, unprecedented and tailorable advanced gradi-
ent polymers were fabricated via nonintrusive RAFT polymeriz-
ation using FPMI as a comonomer. Polymerizable PMI can be
gradually released in situ via the rDA reaction of FPMI at
100 °C to copolymerize with MMA in a gradient fashion. At
low temperature, such as 40 °C, the rDA reaction for the
release of maleimide could not be triggered. Herein, diverse
advanced gradient copolymers, including simultaneous, hier-
archical, di-block, symmetrical, and tri-block gradient poly-
mers, were easily prepared by changing the polymerization
temperature and/or employing a bifunctional RAFT agent. This
work enriches the library of gradient and sequence-controlled
polymers, which will advance research into the structure–prop-
erty relationships and practical applications of exquisitely con-
trolled polymers.
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Fig. 3 Synthesis of MMA/PMI tri-block gradient copolymers using
BiCPADB as the RAFT agent: (a) kinetic plots; (b) cumulative (Fcum) and
instantaneous (Finst) PMI unit contents in products as a function of nor-
malized chain length; and (c) SEC traces. [MMA]0/[FPMI]0/[BiCPADB]0/
[ABVN]0 = 200/20/1/0.2, MMA = 5.0 mL, in toluene, toluene/MMA (1/1,
v/v). Temperature sequence: 40 °C for 22.5 h and 100 °C for 5.0 h. The
positions and numbers of both monomer unit beads are not accurate,
but are provided for illustrative purposes.

Table 1 Thermal properties of MMA/PMI advanced gradient polymers

Samples
Mn

a

(Da)
Fcum,PMI

b

(%)
Tg

c

(°C)
Td5

d

(°C)

PMMA 20 800 0 99.7 243.0
Di-block gradient 20 000 2.7 103.3 270.2
Hierarchical gradient 21 400 5.6 118.9 334.7
Tri-block gradient 21 600 8.0 119.4 316.8
Symmetrical gradient 21 400 6.99 117.8 335.4
Simultaneous gradient 21 300 6.1 117.8 335.2
Simultaneous gradient-1 20 300 36.4 122.8 350.0
PPMI 5200 100 174.0 348.0

aDetermined by SEC in THF with a PMMA standard calibration.
b Cumulative PMI content (Fcum,PMI) determined by 1H NMR. cGlass
transition temperature (Tg) was determined by differential scanning
calorimetry. dOnset temperature of decomposition (Td5) was deter-
mined as the 5% weight loss temperature in thermogravimetric curves.
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