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system. These moieties can be incorporated 
in polymers in several ways,[11,15–23] as well 
as on inorganic nanoparticles[24] and their 
reaction is reversible in a convenient tem-
perature interval (Figure 1). Our group has 
contributed to this research with extensive 
work on polyketone[25–29] and rubber[30,31] 
based systems. As pointed out by Gandini 
et al.,[32] the possibility to obtain furan deriv-
atives from renewable sources, increases 
the interest in furan/maleimide system, 
in the perspective of a more sustainable 
approach to materials.

In particular, one way to incorporate 
furan moieties in a polymer that has been 
used with success is (co)polymerization 
of furfuryl methacrylate (FMA) with other 
vinyl monomers, including styrene.[33–36] 

Compared to other methods (such as post-synthetic function-
alization), the use of an acrylate in the synthesis of furan-con-
taining polymers allows a better control over the nature, com-
position, and the architecture of the polymers, especially if con-
trolled/living polymerizations are used. Atom transfer radical 
polymerization (ATRP) proved to be suitable way to prepare 
homo- and block copolymers of FMA, as demonstrated in a 
series of papers by Kavitha et al. published few years ago,[14,37–39] 
where the authors also studied the reversible properties of the 
products through DA reaction with a bismaleimide (BM). More 
recently, also reversible addition-fragmentation chain transfer 
polymerization has been exploited for the same purpose.[17,20,40]

The combination of controlled polymerization methods with 
DA chemistry allows in principle the easy synthesis of a library 
of polymers with different molecular architectures and distribu-
tion of furan groups, enabling a structure-properties relation-
ship study with respect to thermo-mechanical properties and 
reversible behavior of the material. This would allow the design 
of polymeric systems with desired properties, depending on the 
intended application. Kavitha et  al. did some research in this 
direction, studying PMMA-PFMA random copolymers at var-
ious compositions, prepared via ATRP.[14] They showed that the 
cross-linking density (CLD) is dependent on polymer composi-
tion and measured some mechanical properties, demonstrating 
these polymers as suitable candidates for self-healing coatings 
and thermoreversible adhesives.

To further expand on this concept, in this work, diblock, tri-
block, 4- and 6-arm star-block poly(styrene-b- FMA) PS-b-PFMA 

A series of copolymers of styrene and furfuryl methacrylate characterized by 
various molecular structures (linear and star, block and random) is syn-
thesized via atom transfer radical polymerization, and cross-linked with a 
bismaleimide by means of thermally reversible Diels–Alder (DA) reaction, to 
obtain self-healing materials. The prepared materials are studied in terms of 
gelation, swelling, thermal, and dynamic-mechanical analysis, with the aim of 
correlating relevant properties to their chemical structure. It is found that the 
furan/styrene ratio, as well as the molecular architecture, have a major influ-
ence on the properties. It is also found that the reversibility of the DA reaction 
is not complete in the solid state for materials with high cross-linking density. 
This study provides some important tools for the design of materials char-
acterized by thermally reversible behavior, which find usually application as 
self-healing thermosets, coatings, or adhesives.

1. Introduction

The use of Diels–Alder [4 + 2] cycloaddition (DA) in the prepa-
ration of thermally reversible polymeric materials has been 
explored extensively in the last three decades.[1–4] The possibility 
to reversibly decouple the DA adduct at relatively low temperature 
(retro-DA), allows the introduction of reversible cross-links, thus 
the preparation of self-healing and shape-memory materials,[5–7] 
as well as recyclable thermosets,[8] and reversible fiber reinforced 
composites,[9,10] with potentially limitless application, usually in 
the fields of smart coatings,[11–13] adhesives,[14] hydrogels[15–17] and 
3D printing.[18] The probably most exploited diene/dienophile 
couple for this purpose is constituted by a furan/maleimide 

© 2021 The Authors. Macromolecular Materials and Engineering published 
by Wiley-VCH GmbH. This is an open access article under the terms of 
the Creative Commons Attribution-NonCommercial-NoDerivs License, 
which permits use and distribution in any medium, provided the original 
work is properly cited, the use is non-commercial and no modifications 
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copolymers have been prepared via ATRP, as well as the corre-
sponding random copolymers (linear, 4- and 6- arm stars) of var-
ious lengths and composition (Figure 2). Except for a “reverse” 
triblock and for the random copolymers, the synthesis was per-
formed starting from polystyrene macroinitiators, according to 
a reported procedure,[41–43] and FMA blocks were added subse-
quently in similar experimental conditions. ATRP allows a rela-
tively easy preparation of such multi-armed systems, starting 
from the appropriate multifunctional initiator (structures are 
depicted in Figure 3). As an example, the synthesis of a triblock 
copolymer is reported in Figure 4.

The obtained materials were fully characterized by gel per-
meation chromatography (GPC) and H-NMR, and cross-linked 
with 1,1′-(methylenedi-4,1-phenylene) BM. The properties and 
thermally reversible behavior of the obtained materials were 
investigated in the solid state via differential scanning calorim-
etry (DSC), thermogravimetric analysis (TGA), and dynamic-
mechanical analysis (DMA), and in solution via reversible gela-
tion experiments. The cross-linking was shown in solution via 
H-NMR and the CLD was estimated via equilibrium swelling 
tests in toluene. Qualitative re-processability and self-healing 
experiments of the prepared materials were also performed.

All the measured properties were correlated, where possible, 
with polymer chemical and structural features, such as total 
molecular weight, furan/styrene molar ratio, distribution (block 
versus random), and architecture (linear versus star).

2. Experimental Section

2.1. Materials

Styrene (Sigma Aldrich, ≥99%) was filtered through a short 
column of basic alumina to remove inhibitors and then kept 
under nitrogen before use. FMA (Aldrich, 97%) and BM 
(Aldrich, 95%) were purchased and used as received. CuBr 
(Sigma Aldrich, ≥99%) and CuCl (Sigma Aldrich, ≥99%) 
were stirred in glacial acetic acid for 6 h and then filtered, 
washed with acetic acid, ethanol, ethyl acetate and dried under 
vacuum before use. All solvents (Sigma Aldrich, ≥99%) were 
used without purifications. 1-Methyl-2-bromopropionate 
(MBP, Aldrich, 98%), ethylene bis (2-bromoisobutyrate) 
(EBIB, Aldrich, 97%), Pentaerytritoltetrakis (2-bromoisobu-
tyrate) (PEBIB), dipentaerythritol-hexakis(2-bromoisobutyrate) 
(dPEBIB), and N,N,N′,N′,N′′-pentamethyldiethylenetriamine 
(PMDETA, Aldrich, 99%) were used as received.

2.2. Synthesis

2.2.1. Synthesis of Polystyrene (PS-Br) Macroinitiator

The synthesis of the PS-Br macroinitiator was carried out in 
a 100  mL three-neck bottom flask equipped with a magnetic 
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Figure 1. Thermoreversible cross-linked polymers based on furan/maleimide DA reaction.

Figure 2. Schematic structure of the copolymers prepared in this work.
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stirrer, using a procedure based on previous literature.[41–43] 
The flask was charged with the initiator (MPB, EBiB, PEBIB 
or dPEBIB for diblock, triblock, 4-arm star, and 6-arm star 
respectively), CuBr, styrene (tipically around 25  mL), and 
toluene (only for the synthesis of 4- and 6-arm stars), which 
were purged through bubbling of nitrogen for 30 min. Subse-
quently, the ligand (PMDETA) was added under nitrogen flow, 
and the flask was sealed, and put into an oil bath preheated at 
100 °C. The reaction was stopped when it reached a viscosity 
too high to continue the stirring or anyway after 7 h. The flask 
was then cooled down to room temperature and opened to air 
to quench the polymerization. The crude product was usually 
diluted with 50–100 mL of THF and the obtained solution was 
filtered through a short alumina column (5 cm) to remove the 
catalyst, precipitated in 20-fold excess of methanol, then dried 
under vacuum at room temperature and, last, dried in an oven 
at 70 °C overnight, affording a white solid. If necessary (after 

checking the purity with H-NMR), the solid was again re-dis-
solved in THF, filtered on alumina, and re-precipitated.

2.2.2. Synthesis of Polystyrene-b-poly(FMA) (PS-b-PFMA) Block 
Copolymers

A representative process to prepare the block copolymers of 
styrene with FMA is as follows. In a three-neck bottom flask 
equipped with a magnetic stirrer, 5 gr of PS-Br macroiniti-
ator were dissolved in 15 mL of anisole. CuCl and FMA were 
added and then stirred under nitrogen bubbling for 30 min. 
The flask was subsequently put into an oil bath at 90 °C and 
the ligand (PMDETA) was added under nitrogen. After a 
given reaction time, the reaction was stopped by withdrawing 
the flask from the oil bath and opening it to air, followed by 
dilution with ≈50 mL of THF. The resulting solution was fil-
tered through an alumina column to remove the catalyst. The 
crude product was then precipitated into a 4:1 v/v methanol: 
water mixture and dried under vacuum at room temperature. 
It was finally further dried in an oven at 70 °C overnight. The 
polymer was afforded in the form of a light yellow solid. If 
necessary (after checking the purity with H-NMR), the solid 
was again re-dissolved in THF, filtered on alumina, and 
re-precipitated.

2.2.3. Synthesis of Polystyrene-co-poly(FMA) (PS-co-PFMA) 
Random Copolymers

Styrene and FMA were initially introduced in a three-neck 
bottom flask equipped with a magnetic stirrer. They were 
then mixed with the initiator and CuBr under nitrogen bub-
bling for 30 min. After the addition of the ligand (PMDETA), 
the flask was sealed and put in a preheated oil bath at 100 °C. 
The reaction took place under nitrogen. After a given amount 
of time, the reaction was stopped by removing the flask from 
the oil bath and opening it to air. The crude viscous solution 
was diluted with 50 mL THF and filtered through an alumina 
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Figure 3. Structure of the ATRP initiators used in this work.

Figure 4. Schematic synthesis of a triblock PFMA-b-PS-b-PFMA).



© 2021 The Authors. Macromolecular Materials and Engineering  
published by Wiley-VCH GmbH

2000755 (4 of 14)

www.advancedsciencenews.com www.mme-journal.de

column to remove the catalyst, followed by precipitation in a 
4:1 v/v methanol:water solution. Finally, the precipitate was 
dried under vacuum at room temperature, and then in oven at 
70 °C overnight. A whitish powder was obtained.

2.2.4. Synthesis of Poly(FMA) (Br-PFMA-Br) Macroinitiator

The synthesis of Poly(FMA) (Br-PFMA-Br) was carried out in 
a 50  mL three-neck bottom flask, following a procedure pre-
viously used for analogous methacrylates.[41] At first, FMA, 
EBiB, CuBr, and anisole (FMA: anisole equal to 1:3 by volume) 
were introduced in the flask and purged by bubbling nitrogen 
for 30 min. All manipulations during the polymerization were 
carried out under nitrogen. The ligand (PMDETA) was then 
added, and the flask was subsequently sealed and put into 
an oil bath at 90 °C. After ≈18 h, the reaction was stopped 
by cooling down to room temperature and opening the flask 
to air. The mixture was diluted with THF and the solution 
was filtered through an alumina column to remove the cat-
alyst and then precipitated into n-Hexane. The polymer was 
dried in the oven at 70 °C overnight and recovered as a bright 
yellow solid.

2.2.5. Synthesis of the Reverse Triblock PS-b-PFMA-b-PS

Br-PFMA-Br macroinitiator and styrene (molar ratio 1:300) 
were mixed in a 50 mL three-neck bottom flask, equipped with 
a magnetic stirrer. After complete dissolution of the macroiniti-
ator, CuCl was introduced in the solution, followed by nitrogen 
bubbling for 30 min. The ligand was then added and the flask 
was sealed and immersed in an oil bath at 100 °C. The reac-
tion was stopped by cooling down to room temperature and 
opening the flask to air. The mixture was diluted with THF, 
precipitated in 4:1 v/v methanol:water and filtered. The polymer 
was dried in the oven at 70 °C overnight and a yellowish solid 
was obtained.

2.2.6. Crosslinking of Polymers with BM

Typically, 2 g of the copolymers were dissolved in 20–30 mL of 
THF and mixed with BM in a stoichiometric amount (based 
on the furan content in the copolymers, molar ratio furan/BM 
= 2). The reaction mixtures were stirred at room temperature, 
until they became homogeneous and then they were dried at 70 
°C overnight. The obtained products were grinded and, finally, 
stored in a vacuum oven at 150 °C for 24 h.[4,5]

2.2.7. Processing of the Cross-Linked Polymers

Processed sample was prepared in various shapes and sizes, 
depending of the intended test (bars for DMA, disks for 
swelling tests, and squares for self-healing). All samples were 
prepared via compression molding of the previously obtained 
powder at 150 °C and 70  bar for 10 min. The resulting speci-
mens were thermally annealed for 3 days at 50 °C.

2.3. Characterization

2.3.1. GPC

GPC measurements for the determination of molecular weight 
and molecular weight distribution were recorded using a HP1100 
from Hewlett-Packard, equipped with three columns of 300  × 
7.5 mm PLgel 3 µm MIXED-E in series and a GBC LC 1240 IR 
(refractive index) detector. The preparation of the samples was 
made by dissolving the polymers in THF at concentrations equal 
to 1 mg mL−1. THF was used as the eluent at a flow rate of 1.0 mL 
min−1 and calibration was carried out using low Đ linear polysty-
rene standards, with an internal standard of analytical toluene.

2.3.2. Nuclear Magnetic Resonance Spectroscopy (H-NMR)

H-NMR were performed with a Varian Mercury Plus 400 
MHz  spectrometer using CDCl3 as the solvent (1  mg mL−1 
concentration).

2.3.3. NMR Study of Cross-Linking

In order to monitor the DA reaction, the crosslinking was car-
ried out in an NMR tube. The copolymers PS-b-PFMA (0.15 gr) 
were mixed with BM in stoichiometric amount, furan/BM ratio 
= 2, using CDCl3 (1.5 mL) as a solvent with a concentration of 
10% w/w of copolymer. The reaction was performed at room 
temperature. NMR spectra were recorded over several intervals 
of time, until complete gelation occurred.

2.3.4. Gelation Experiments

PS-b-PFMA and BM were dissolved into acetophenone in two 
separate vials. Polymers were dissolved to a concentration of 
10  wt%. The amount of BM was calculated in order to have a 
BM:furan molar ratio of 1:2. After stirring separately the solu-
tions for 1 h at RT, they were mixed at the desired temperature in 
an oil bath. After the gel formation (indicated by stopping of the 
stirrer), the temperature was raised to 120 °C to observe reversal 
of gelation, followed by temperature cooldown to air to activate 
re-gelation. The heating cycles were repeated at least five times.

2.3.5. Swelling Experiments and CLD Determination

The Swelling Ratio and the CLD were estimated according to 
the Flory–Rehner theory.[14,44] The polymers/BM solid mixtures 
were shaped into disks as described above. The dried cross-
linked polymers were immersed in toluene and left to swell 
until constant weight (typically reached in 2 h). The polymers 
were then removed from the toluene and their surfaces were 
blotted with filter paper before being weighed. The swelling 
ratio was calculated with the use of Equation (1).

r
s d

d

=
−

Sw
w w

w  (1)
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where ws is the weight of the polymer at swelling equilibrium 
and wd is the dry polymer weight. The CLD of the cross-linked 
polymers was determined from the equilibrium swelling in tol-
uene at room temperature (25 °C). First, the volume fraction of 
the cross-linked polymer, VR, was calculated from the swollen 
and de-swollen weights using Equation (2).

1

1
R

d

d s d
p

s
r

p

s

ρ
ρ

ρ
ρ

( )
=

+ −
=

+
V

w

w w w Sw  (2)

where ρp and ρs are the densities of the polymer (the value for 
pure polystyrene was used) and solvent. Finally, the CLD was 
calculated using the Flory–Rehner Equation (3).

CLD
ln 1

2
2

R R R
2

s
R

R

1
3

χ( )
=

− + +

−






V V V

V
V

V

 (3)

in which the polymer CLD is expressed in mol cm−3, Vs is the 
toluene molar volume (Vs = 106.3 cm3 mol−1), VR is the polymer 
volume fraction (calculated with Equation  (2)) of the cross-
linked polymer in the solvent and χ is the interaction param-
eter between the solvent and the polymer (typical value of 
polystyrene[45] was used for all the copolymers, χ = 0.45)

2.3.6. TGA

TGA analysis was carried out in a Mettler-Toledo analyzer 
under nitrogen environment. 10–20 mg of polymer sample was 
loaded in a 70 µL α-Al2O3 crucible. During the TGA measure-
ment, the temperature was increasing from 30 to 600 °C with a 
heating rate of 10 °C min−1.

2.3.7. DSC

DSC was used to determine the thermal behavior of the 
crosslinked samples and detect the DA and the retro-DA reaction. 
Measurements were performed in a Perkin Elmer Pyris diamond 
(Shelton, CT, USA) instrument, using 10 °C min−1 heating rate 
from 80 to 164 °C. Three cycles were performed for each sample.

2.3.8. DMA

DMA were performed on a Perkin Elmer DMA 8000 (Waltham, 
MA, USA) using single cantilever mode at an oscillation fre-
quency of 1 Hz and a heating rate of 3 °C min−1. The samples 
were shaped via compression molding in bars of 1.5 cm length, 
0.6 cm width, and 0.1 cm thickness, and thermally annealed at 
70 °C for 3 days.

CLD was estimated from the value of storage modulus at the 
rubbery plateau, according to the following formula.[46,47]

CLD
3c

ρ
= = ′

M

E

RT
 (4)

where ρ is the polymer density, Mc is the molecular weight 
between cross-links, E′ the storage modulus at the rubbery 
plateau, R the universal gas constant, and T the absolute 
temperature.

2.3.9. Self-Healing Experiment

The self-healing experiments of the cross-linked samples were 
performed on compressed squares. An incision on the surface 
of the specimen was made with a scalpel and subsequently the 
sample was heated at 120 °C for 30 min or 150 °C for 10 min. 
Images were captured by a Zeiss Axioskop optical micro-
scope with objective magnification ×/numerical aperture of 
1.25×/0.035.

3. Results and Discussion

3.1. Polymers Synthesis

3.1.1. PS Macroinitiators

Copolymers of styrene and FMA of various architectures 
and compositions were prepared via ATRP. The synthesis of 
polystyrene macroinitiators has been performed according to 
a previously published procedure,[41–43] but higher molecular 
weights were targeted in this work (Table  1). By varying the 
nature of initiator, different structures can be targeted. To our 
knowledge the synthesis of a six-arm polystyrene macroiniti-
ator via ATRP starting from a multifunctional initiator has not 
been reported before. The reactions were performed in bulk 
for the linear systems (mono and difunctional initiator) and in 
toluene for the stars (equal amount to styrene in volume), at 
a temperature of 100 °C, with CuBr/PMDETA as the catalytic 
system. The conversion was estimated gravimetrically and the 
molecular weight was determined by GPC against linear PS 
standards.

The synthesis from mono and bi-functional initiator afford 
mostly polymers with a narrow molecular weight distribu-
tion, while the multifunctional initiators, although the rela-
tively low values of Đ as recorded by GPC, results in mul-
timodal distribution (Figure S1, Supporting Information). 
Conditions for the synthesis of the star polymers were not 
optimized, and the chain extension reactions were performed 
on these samples.

3.1.2. Chain Extension with FMA

The chain extension reactions were performed in anisole 
at 90 °C with CuCl/PMDETA as the catalysts. The main 
data are summarized in Table 2. In general a reasonable to 
good agreement between the molecular weight estimated 
in different ways (gravimetrically, via GPC or via styrene/
FMA ratio in the NMR spectra) is observed, although the 
GPC traces show that the process is generally not well con-
trolled (an example is reported in Figure S2, Supporting 
Information). Despite the poor control, the polymer peaks 
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shift when compared to the PS macroinitiator, confirming 
that block copolymers were formed. The styrene/FMA ratio 
used for further discussion, was estimated from the integra-
tion of NMR peaks, as illustrated in Figure S3, Supporting 
Information.

3.1.3. Random and Reverse Triblock Copolymers

The synthesis of the random copolymers was performed in the 
same conditions as for the ATRP polymerization of styrene, 
in bulk at 100 °C with the CuBr/PMDETA catalytic system, 

Macromol. Mater. Eng. 2021, 306, 2000755

Table 2. Chain extension of PS macroinitiators with FMA.

Type Namea) I/C/L/Fb) (molar ratios) Reaction time [h] Conv % [wt] Mn (GPC), Da Đ (GPC Mn (NMR), Da Composition

diblock PSM1F 1/2/2/100 3 64 29 400 1,05 29 800 PS269-b-PFMA11

PSM2F 1/2/2/100 3 60 22 000 1,18 21 900 PS186-b-PFMA22

PSM3Fa 1/2/2/100 3 60 23 100 1,39 16 850 PS85-b-PFMA48

PSM3Fb 1/2/2/100 3 43 25 000 1,43 45 100 PS85-b-PFMA71

triblock PSD1F 1/2/2/100 3 66 36 030 1,03 32 547 PS320-b-PFMA27

PSD2F 1/2/2/100 3 72 32 390 1,06 35 844 PS270-b-PFMA25

PSD3F 1/2/2/100 3 61 38 914 1,08 23 040 PS305-b-PFMA47

PSD4F 1/2/2/100 3 68 27 380 1,23 18 200 PS146-b-PFMA44

PSD5F 1/2/2/100 3 49 26 970 1,25 52 314 PS105-b-PFMA80

4-arm star PST1F 1/4,5/4,5/120 3 65 46 800 1,16 46 754 PS375-b-PFMA47

PST2F 1/2/3/250 8 63 52 400 1,01 50 866 PS363-b-PFMA79

PST3F 1/2/2/120 9 70 54 300 1,01 47 427 PS395-b-PFMA38

PST4F 1/1,5/1,5/375 4 32 51 500 1,01 46 102 PS311-b-PFMA82

PST5F 1/2/2/120 7,5 69 28 020 1,52 27 626 PS227-b-PFMA24

PST6F 1/2/2/400 1,5 49 55 390 1,49 52 963 PS416-b-PFMA58

6-arm star PSH1F 1/3/3/120 1 60 36 760 1,71 25 394 PS148-b-PFMA60

PSH2F 1/2,5/2,5/150 1,2 55 25 490 1,59 24 037 PS123-b-PFMA68

PSH3F 1/2/2/120 7,5 76 51 860 1,04 41 112 PS323-b-PFMA45

a)Based on the name of the initiator (see Table 1); b)I = initiator, C = CuCl (catalyst), L, PMDETA (ligand), F = FMA; FMA units estimated by NMR.

Table 1. Summary of synthesis of polystyrene macroinitiators.

Name Typea) I/C/L/Sb) Reaction time [h] Conversion % [wt] Mn (GPC), Da Đ (GPC) Styrene units

PSM1 M 1/1,5/1,5/384 24 57 27 990 1,04 269

PSM2 M 1/1,5/1,5/192 3 46 18 270 1,11 176

PSM3 M 1/1,5/1,5/96 3 73 8879 1,04 85

PSD1 D 1/3/3/384 4 60 33 300 1,05 320

PSD2 D 1/3/3/192 2 46 28 060 1,36 270

PSD3 D 1/3/3/192 2 56 31 690 1,38 305

PSD4 D 1/3/3/96 2 69 15 230 1,1 146

PSD5 D 1/3/3/96 1 50 10 870 1,11 105

PST1 T 1/4/3/189 1 59 39 020 1,11 375

PST2 T 1/4/3/94 0,5 37 37 780 1,53 363

PST3 T 1/4/3/94 7 55 41 110 1,39 395

PST4 T 1/4/3/145 7 52 32 430 1,3 311

PST5 T 1/4/3/97 7 58 23 610 1,42 227

PST6 T 1/4/3/194 7,5 44 43 290 1,22 416

PSH1 H 1/3/2/194 6,5 38 15 380 1,38 148

PSH2 H 1/6/4/194 7,5 60 12 740 1,46 123

PSH3 H 1/2/2/194 7 47 33 630 1,38 323

a)M = monofunctional; D = difunctional; T = tetrafunctional; H = hexafunctional; b)I = initiator, C = CuBr (catalyst), L, PMDETA (ligand), S = styrene.
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unless specified otherwise (Table 3). Depending on the starting 
initiator, linear, 4-arm star and 6-arm star copolymers were 
obtained, as confirmed by GPC and H-NMR.

Finally, Table 4 shows the conditions for the synthesis of the 
reverse triblock poly(styrene-b-FMA-b-styrene), starting from a 
bifunctional FMA macroinitiator. It can be observed that the 
products have higher polydispersity index, indicating that the 
conditions used for the reverse synthesis are not optimal, and 
growing a PS block on a PFMA macroinitiator may not be the 
preferred method. However, further investigation was outside 
the scope of this work.

For random copolymers the GPC traces show in most cases 
multimodal weight distributions, with the Đ values being rela-
tively low. Worse results are obtained for the reverse triblock, 
which exhibits even larger molecular weight distribution 
(Table 4).

Overall, it can be concluded that the ATRP synthesis in 
these conditions it is not optimized, and in several cases 
afforded copolymers with multimodal and broad molecular 
weight distributions, especially for star and random struc-
tures. However, our results also show that it was possible to 
obtain the desired block structures, and variable FMA/styrene 
ratios, which is what we intended to investigate in this work. 
Therefore, no further optimization of the synthesis was per-
formed, and the properties of the prepared polymers were 
studied.

3.2. Cross-Linking in Solution

Cross-linking behavior with BM of the prepared polymers 
was studied both in solution and in bulk. To confirm the for-
mation of the DA adduct, H-NMR spectra of a mixture of the 
reverse triblock copolymer (Table  4, entry 2), chosen because 
of the high furan content, with BM in CDCl3, were recorded 
right after preparation and after keeping the solution for 24 h 
at room temperature (Figure 5). It can be seen that new peaks 

appear after 24 h, which can be attributed to the signals of the 
predicted DA adduct. It can be noted here that it is not pos-
sible to observe complete conversion of the BM. As expected, 
the solution becomes a gel when kept for long time in the NMR 
tube, which further confirms the cross-linking, but also makes 
impossible to record the spectra at high conversion. Formation 
of gels for analogous copolymers in presence of BM at room 
temperature was already demonstrated,[34] but not shown via 
NMR. The formation of analogous DA adducts was shown via 
NMR for low-molecular weight compounds,[48] and it matches 
our findings.

3.3. Reversible Gelation Experiments

Reversibility of cross-linking in solution was determined by 
the gelation time of solutions in acetophenone containing 10 
wt% polymer and a 1:1 molar ratio of BM to furan groups 
(Figure  6). The solvent used was acetophenone, because of 
its boiling point being much higher than the rDA tempera-
ture of the system, which is 120 °C. Gelation times were 
taken at room temperature and at 70 °C as the moment 
when the magnetic stirring stopped moving. The results are 
reported in Table  5. When gelation occurred, gelation/de-
gelation cycles could be repeated at least five times, showing 
good reversibility. Reversible gelation of analogous systems 
was previously studied,[34,35] but not as a function of polymer 
structure.

Diblock copolymers (PSM series) do not form a gel, or only 
after very long time. This is compatible with their structure: as 
the furan groups are concentrated on one side of the polymer 
chains, it is possible that spherical aggregates may form, 
rather than cross-linked networks, as schematically depicted in 
Figure 7a. For all the other systems, gelation times are shorter 
at 70 °C, which can be attributed to a faster kinetics of DA reac-
tion. Regardless of the polymer structure, there is the common 
tendency to have shorter gelation times for the polymers with 
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Table 3. Synthesis of the random Poly(styrene-co-FMA) polymers.

Type Name I/C/L/sty/FMA Reaction time h Conv % [wt] Mn (GPC), Da Đ (GPC) Composition (NMR)

Linear rSF1 1/1,5/1,5/384/38 24 60 32 200 1,19 PS254-r-PFMA35

Linear rSF2 1/1,5/1,5/384/19 24 43 20 230 1,32 PS86-r-PFMA67

4-arm rTSF1 1/2/2/192/50a) 6 35 18 500 1,20 PS115-r-PFMA20

4-arm rTSF2 1/2/2/192/50a) 6 46 24 190 1,18 PS200-r-PFMA30

6-arm rHSF3 1/1/1/192/50 18 47 10 560 1,42 PS91-r-PFMA10

a)Reaction performed in toluene because of scarce solubility of initiator in the monomers mixture.

Table 4. Synthesis of the reverse triblock poly(styrene-b-FMA-b-styrene).

Type I/C/L/M Reaction time [h] Conv % [wt] Mn gravim Mn (GPC), Da Đ (GPC) Composition

pFMA 1/2/2/100 18 38 6314 10 360 1,43 PFMA62

triblock 1/2/2/300 5 17 11 626 12 850 1,76 PFMA62 -b-PS24
a)

a)Determined by NMR.
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higher relative amount of furan groups (FMA/Sty ratio) and 
higher molecular weight, which can be expected. The fastest 
system is by far the reverse triblock, which is the only polymer 
with FMA/Sty ratio higher than unity (FMA is the major com-
ponent). The star structures (PST and PSH polymers) seem to 
give fast gelation even at low FMA/Sty ratio, probably because 
of the structure, which provides extra cross-linking points 
(Figure 7b).

3.4. Solids Characterization

After demonstrating the structure-dependent reversible cross-
linking in solution, solid specimens were prepared, by mixing 
the prepared polymers with BM. The mixing was done in THF 
solution, to ensure homogeneity of the samples, then the sam-
ples were dried, grinded, and shaped into bars via compression 
molding at high temperature (150 °C, well above the retro-DA 
temperature), followed by prolonged thermal annealing at 
50 °C, to ensure that the reformation of cross-links via DA reac-
tion. The materials were characterized via TGA, DSC, DMA, 
and swelling experiments in toluene. Some re-workability and 
self-healing tests were also performed, to show the interesting 
features of these materials.

3.4.1. Swelling Experiments

For these experiments, disks of 2 cm diameter and 1 mm thick-
ness were prepared by compression molding as described in 
the Experimental Section. They were put in toluene at room 
temperature, where they formed gels, and they were weighted 
over time, until reaching swelling equilibrium (or until they 
started dissolving).

CLDs were calculated from equilibrium swelling (that was 
reached for most samples within 2 h) using the Flory–Rehner 
theory (see Experimental Section). Equilibrium swelling varied 
between 2% and 60%. PSM1F and PSM2F did not reach an 
equilibrium swelling but the samples kept swelling until falling 
apart and dissolving. This is consistent with the previous obser-
vation, that diblock copolymers with short FMA block did not 
form gels in solution, confirming that a fully cross-linked 

Macromol. Mater. Eng. 2021, 306, 2000755

Figure 5. H-NMR spectra of reverse triblock copolymer and BM mixture in CDCl3 as prepared (bottom) and after 24 h at room temperature.

Figure 6. Reversible gelation of PST5F.
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network was not formed in these cases (see Figure 7). Plotting 
CLD as a function of the FMA/Sty ratio shows some interesting 
correlations (Figure 8).

It can be seen that CLD correlates quite well with FMA/Sty 
ratio, as expected. For six-arms block copolymers the observed 
increase is steeper. This is again in line with gelation experi-
ments, and it can be attributed to the star-like structure, which 
provides extra cross-linking to the system. The reverse triblock 
does not give a detectable swelling after prolonged time, due 
to extremely high CLD. This is in line with previous results 
from Kavitha et  al.,[14] which found an increase of CLD with 
FMA. However, in their case there seems to be a maximum of 
CLD at 50% content of FMA, while in our case the CLD keeps 
increasing monotonously. Kavitha et al. attributed their observed 
behavior to self-cross-linking of polymers when the FMA con-
tent is higher, which does not seem to happen in our case.

3.4.2. TGA

Figure 9 shows a typical TGA curve for PS macroinitiator, PS-b-
FMA copolymer, and the same polymer cross-linked with BM. 
It can be seen that the presence of FMA decreases the starting 
decomposition temperature, but increases the residual amount 
of char left at 600 °C. The cross-linking with BM increases the 
stability again, and leaves an even higher amount of residual 
char. This constitutes an additional evidence of effective cross-
linking. The relative amount of FMA, which is proportional 
to the extent of cross-linking (as it was evidenced also by 
swelling experiments), correlates nicely with the residual char 
(Figure  10). Polymers with higher FMA/Sty ratio also show a 
more pronounced first degradation step (between 200 and 
300  °C). This is particularly evident for the reverse triblock 
(which is mostly PFMA).

Macromol. Mater. Eng. 2021, 306, 2000755

Table 5. Gelation times of various polymers.

Sample Sty + FMA units FMA/Sty ratio Gelation time at r.t. [h] Gelation time at 70 °C [h]

PSM1F 280 0,04 No gel No gel

PSM2F 188 0,12 No gel No gel

PSM3Fa 133 0,56 500 No gel

PSM3Fb 156 0,84 43 20

PSD2F 295 0,09 20 20

PSD3F 352 0,15 24 3

PSD4F 190 0,30 20 0,67

PSD5F 185 0,76 16 0,22

PST4F 394 0,26 8 2

PST5F 251 0,10 11 1

PSH2F 191 0,55 11 1,5

PSH3F 368 0,14 13,5 2,5

rSF1 289 0,14 90 20

rSF2 153 0,78 43 3

rTSF2 230 0,15 100 11

reverse 86 2,60 2 0,07

Figure 7. Schematic formation of isolated cross-linked aggregated for a) diblock copolymers and b) networks for star-blocks.
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3.4.3. DMA

DMA test was performed on the prepared materials, where 
possible. PSM1F and PSM2F diblock copolymers could not 
be investigated due to significant deformation during heating, 
which once again confirms negligible CLD, as observed in gela-
tion and swelling experiments. A typical heating-cooling cycle 
for the other materials is shown in Figure 11a. Most polymers 
show similar curves, with slight variation in the values of E′ and 
E” (storage and loss moduli, respectively), and shift of the sof-
tening point (Table 6 and Figure S4, Supporting Information). 
The variation in absolute values does not seem to be correlated 
with the polymer structure in an obvious way, but this may 
also be attributed to inhomogeneity in the sample characteris-
tics (e.g., smoothness and thickness), causing a relatively large 
standard deviation (estimated to be 25% for some samples).

Most polymers display a softening point around 110 °C 
(taken at the temperature where tan δ reaches a maximum). 
This is slightly above the Tg of polystyrene and near the retro-
DA temperature, therefore it can be attributed to de-cross-
linking of the system. DSC measurements performed on the 
studied materials, also show the Tg of polystyrene, but this is 
only well visible in the non-cross-linked material (Figure S5, 
Supporting Information). At higher temperatures a rubbery pla-
teau is reached for all samples, with values of E′ dropping of 
1–2 order of magnitude. Interestingly, upon cooling, the values 
of moduli do not return back to the original ones (Figure  11a 
and Table S1, Supporting Information). This could be due to 
an incomplete reformation of DA bonds. This would confirm 

Macromol. Mater. Eng. 2021, 306, 2000755

Figure 8. Cross-linking density as function of FMA/Sty ratio.

Figure 9. Example of TGA curves for a series of polymers: PS macroini-
tiator, block copolymer with FMA, and cross-linked material.

Figure 10. TGA of linear polymers highlighting relationship between residual content and FMA/Sty ratio.
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Figure 11. DMA analysis of a) PST2F (heating plus cooling cycle); b) PSD5F (only heating) c) PSH1F (only heating); d) rSF1 (only heating); e) reverse 
triblock (only heating).

Table 6. Storage and loss moduli of various polymers as measured by DMA.

Sample Sty + FMA units FMA/Sty ratio E′ (MPa) E′ rubbery plateau (MPa) E” [MPa] Inflection T (max tan δ)

PSM3Fa 133 0,56 1110 160 17 106

PSD3F 352 0,15 111 55 10 111

PSD5F 185 0,76 989 10 16 70–140

PST2F 442 0,21 517 14 12 115

PST4F 394 0,26 630 80 21 106

PST5F 252 0,10 1420 16 36 106

PSH1F 208 0,4 98 15 17 105–140

PSH2F 191 0,55 130 5 6 105–140

rSF1 289 0,14 1630 35 27 90

rSF2 153 0,78 760 40 35 98

rTSF1 135 0,17 75 5 53 110

rTSF2 230 0,15 75 5 14 110

Reverse 86 2,60 1130 - 22 >155
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previous observation that in the solid state the DA reaction fails 
to happen with 100% efficiency.[36]

The notable exceptions to the general behavior observed in 
Figure 11a are the triblock PSD5F (Figure 11b), the hexa-blocks 
PSH1F and PSH2F (Figure  11c and Figure S5, Supporting 
Information), the random copolymer rSF1 (Figure 11d), and the 
reverse triblock copolymer (Figure  11e), the only one that has 
FMA as the major component. PSD5F is the copolymer with 
the highest relative amount of FMA in all the block series. This 
may be the reason of the significantly different DMA plot. We 
observe that the material starts softening already around 70 °C, 
but the rubbery plateau is reached above 140 °C. An increase 
in softening temperature with CLD is in line with recently 
reported DMA studies of DA based IPNs.[49]

Similarly, PSH1F and PSH2F do not show a clear softening 
point, but they soften gradually in a large interval of tempera-
tures, with the value of E′ dropping less than o order of mag-
nitude, indicating retained high CLD. This could be due to 
the molecular architectures, presenting non reversible cross-
linking, and the high relative amount of FMA units, con-
tributing to a higher CLD. It can be noted here that PSD5F, 
PSH1F, and PSH2F are among the polymers with the highest 
CLD value obtained by swelling tests. Interestingly, when 
CLD is calculated from the value of rubbery plateau modulus 
(Equation  (4), Experimental Section), these three polymers 
show the largest deviations from the value measured from 
swelling experiments (Figure 12 and Table 2). The DMA anal-
ysis for these materials largely underestimates this value. In 
our opinion, the equilibrium swelling one is more realistic, 
due to the relative higher amount of FMA in the polymers. 
For the other polymers, the DMA prediction is in good agree-
ment with swelling experiments. These observations, together 
with the fact that tanδ does not show a single maximum 
(Figure 11b,c), suggests that these systems are heterogeneous 
in morphology, possibly phase separated.

rSF1 (Figure 11d) has an unusually low softening point, char-
acteristic in common with the other linear random structures 
(Figure S4, Supporting Information). This could be a feature 
derived from the random distribution of monomers, which do 
not allow the formation of hard and soft domains, but rather a 
more uniform and soft material.

The reverse triblock does not show a softening during the 
process, up to 155 °C, and the values of moduli remains nearly 
constant in the whole interval (Figure  11e). This is indication 
of extensive cross-linking, again consistent with gelation and 
swelling experiments. This shows that when the polystyrene is 
not the major component anymore, its Tg does not influence 
the thermo-mechanical behavior of the material.

3.5. Re-Workability and Self-Healing

Finally, the materials were tested qualitatively for their ability 
to be reprocessed and for self-healing. The first test was simply 
performed by preparing small bar samples of the material (the 
same used for DMA measurements), breaking them in small 
pieces and remolding them together at 150 °C and 50  bar for 
25 min, as illustrated in Figure  13. Some samples were then 
remeasured at the DMA, with no significant change. This 
proves the re-processability of the systems, and indirectly their 

Figure 12. Comparison between CLD obtained with two different methods. Dotted line: theoretical y = x line. The three major outliers are indicated 
in the graph.

Figure 13. Demonstration of re-workability of the materials (sample 
shown as example: PSH1F).
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self-healing ability, as it has been shown by DMA that the mate-
rials do not melt at that temperature.

Preliminary self-healing experiments were performed by 
cutting with a scalpel squared samples, and observing them 
with an optical microscope before and after thermal treat-
ment. Two different conditions were tested: 120 °C for 30 
min,  and 150 °C for 10 min. Figure 14 shows representative 
examples. A proper self-healing seems to occur only at the 
highest temperature. This corresponds in the DMA to the 
rubbery plateau region. The diblock copolymers did not show 
self-healing, but they melted. All other materials behave very 
similarly.

4. Conclusions

In this work a series of copolymers of styrene and FMA with 
different compositions and structural characteristics were pre-
pared, cross-liked via DA chemistry (using a BM cross-linker 
in stoichiometric amount with respect to furan groups), and 
studied in terms of properties, reversibility, and self-healing 
ability.

Compared to previous work by many researchers, we pre-
sented here a more systematic and complete structure-proper-
ties relationship study on a model system that evidenced sev-
eral new findings. Various structures, with variable molecular 
weight and FMA/styrene ratio could be prepared successfully 
via ATRP, although synthesis conditions were not optimized, 
resulting in multimodal molecular weight distribution in some 
cases.

Cross-linking and de-crosslinking in solution were studied 
by gelation experiments, and observed via H-NMR to confirm 
that the DA chemistry is responsible for the reversible gelation. 
From our extensive work, we could extrapolate the following 
structure-properties relationships:

1. It was evidenced that gelation occurs faster for polymers 
with higher FMA/styrene ratio and higher molecular 
weights. Diblock copolymers with relatively low FMA/sty-
rene ratio do not form gels, possibly due to their molecular 
architecture;

2. Swelling experiments in toluene show that the CLD increases 
with the FMA/styrene ratio, and depends on the polymer ar-
chitecture, with star structures giving higher CLD than linear 
ones (at comparable FMA content);

3. The thermal stability of the polymers also increases with the 
FMA/styrene ratio, as evidenced by TGA;

4. DMA analysis provides evidences that the most materials sof-
ten at temperatures around 110 °C, but random structures 
have a significantly lower softening point (around 90 °C), 
while highly cross-linked systems possess higher softening 
temperatures and their E′ value remains significantly high 
in the rubbery plateau, suggesting still a high CLD at high 
temperatures. Some materials with particularly high relative 
FMA content, show a thermo-mechanical behavior deviat-
ing from that of other systems, suggesting possible different 
morphology (phase separation);

5. DMA also suggests the incomplete reversibility of the DA 
reaction, as the modulus is not completely recovered upon 
cooling.

The prepared materials prove to be completely reworkable at 
150 °C, and possess self-healing properties. Overall, we showed 
that in the preparation of thermally reversible materials based 
on DA chemistry, the relative amount of furan moieties and the 
different molecular architecture can be fundamental param-
eters in determining the final properties. Diblock copolymers 
do not provide stable cross-linked structures, while a high CLD 
can negatively affect the reversibility of the material. Further 
work should be aimed at investigating structure-dependent dif-
ferences in morphology and in self-healing ability.

Figure 14. Self-heling experiments at 120 °C (top) and 150 °C (bottom): A1-A2 before cut; B1-B2 after cut; C1-C2 after thermal annealing. Sample shown 
as example: rSF1.
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