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Self-Healing Materials via Reversible Crosslinking of 
Poly(ethylene oxide)- Block -Poly(furfuryl glycidyl ether) 
(PEO- b -PFGE) Block Copolymer Films
 The application of well-defi ned poly(furfuryl glycidyl ether) (PFGE) homopoly-
mers and poly(ethylene oxide)- b -poly(furfuryl glycidyl ether) (PEO- b -PFGE) 
block copolymers synthesized by living anionic polymerization as self-healing 
materials is demonstrated. This is achieved by thermo-reversible network 
formation via (retro) Diels-Alder chemistry between the furan groups in the 
side-chain of the PFGE segments and a bifunctional maleimide crosslinker 
within drop-cast polymer fi lms. The process is studied in detail by differential 
scanning calorimetry (DSC), depth-sensing indentation, and profi lometry. It is 
shown that such materials are capable of healing complex scratch patterns, 
also multiple times. Furthermore, microphase separation within PEO- b -PFGE 
block copolymer fi lms is indicated by small angle X-ray scattering (lamellar 
morphology with a domain spacing of approximately 19 nm), differential 
scanning calorimetry, and contact angle measurements. 
  1. Introduction 

 The capability to heal infl icted damage is ubiquitous in nature 
as, e.g., shown via the merging of broken bones, the closure 
of injured blood vessels, [  1–3  ]  or the healing of byssal threads 
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of marine mussels. [  4  ]  The present aware-
ness that the availability of raw materials 
will decrease, accompanied by increasing 
material and production costs, renders 
self-healing approaches an attractive 
research fi eld in polymer chemistry and 
materials science. Particular interest 
is devoted to the facile introduction of 
such features into mechanically robust 
polymeric systems whilst maintaining 
synthetic feasibility and, even more 
important, processability of the resulting 
materials. 

 Different methods have been reported 
to introduce self-healing properties to a 
polymeric material. [  5–7  ]  One possibility 
is the encapsulation of reactive ingredi-
ents (a polymerizable healing agent and 
an initiator) within the desired mate-
rial. Scratching or crack formation leads to a release of the 
embedded substances (e.g., by rupture of microcapsules), fol-
lowed by mixing of both ingredients and resulting in a healing 
process of the damaged material. [  8  ]  This approach was also 
extended by the introduction of vascular networks containing 
a healing agent, which was released upon rupture. [  9  ]  Therefore, 
multiple healing processes are possible. A second approach 
represents the use of intermolecular forces. For this purpose, 
reversible interactions (i.e., crosslinks) of polymer chains with, 
e.g., hydrogen bonds represent a widely used strategy. After 
being damaged, these bonds allow a healing due to the refor-
mation of bonds without any external stimuli such as heating 
or irradiation being necessary. This has been achieved using 
highly specifi c donor-acceptor systems, [  10–15  ]  and could recently 
be also applied for “hard” epoxy networks. [  16  ]  Another example 
of this approach are metal-ligand interactions. Thereby, mate-
rials consisting of polymers or oligomers comprising reversible 
non-covalent metal-ligand interactions (e.g., 2,6-bis(1′-methylb-
enzimidazolyl)pyridine or terpyridine, as well as corresponding 
metal ions) can heal infl icted damage. [  17  ,  18  ]  Also, this ability 
represents an inherent material characteristic (i.e. intrinsic self-
healing materials) and does not require the encapsulation of 
external healing agents. Moreover, the application of  π – π  inter-
actions in self-healing processes has also been demonstrated 
for, e.g., pyrenyl units which interact with naphthalene diimide 
oligomers to reversibly crosslinked polymeric networks. [  19  ,  20  ]  
4921wileyonlinelibrary.com
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 The temperature-dependent reversible covalent crosslinking 
of polymers or block copolymers represents another inter-
esting concept for the implementation of intrinsic self-healing 
into a material. Hereby, the Diels-Alder reaction represents 
a powerful tool. [  21–27  ]  One well-known example is the combi-
nation of furan and maleimide functionalities. [  28–30  ]  In this 
context, we have recently reported that furfuryl glycidyl ether 
can be used as a monomer for living anionic polymerization 
and the preparation of well-defi ned poly(ethylene oxide)- b -
poly(furfuryl glycidyl ether) (PEO- b -PFGE) block copolymers 
comprising furan units in the side chain. [  31  ]  Subsequently, the 
furan units were used for the reversible core-crosslinking of 
the micelles formed by these block copolymers in selective 
solvents for the PEO segment. The application of polymer 
networks bearing free furan groups with a suitable linker 
(e.g., bismaleimides) in reversible Diels-Alder reactions rep-
resents a powerful system for potential self-healing applica-
tions. [  21–24  ,  28–30  ,  32–34  ]  This has been recently reported in the 
case of furfuryl glycidyl ether, [  35  ,  36  ]  where the epoxy-ring was 
used in a condensation reaction with amino groups to create 
polymeric materials. These polymers can be turned into a 
network structure by reacting them with a bismaleimide 
compound. 

 We were now interested in exploiting the features of 
PEO- b -PFGE block copolymers for the generation of self-
healing materials, in particular of nanostructured polymer 
fi lms. Apart from the use of PEO-related materials in bio-
logical and medical context for PEG-ylation or drug-delivery 
approaches, PEO is widely used in the fi eld of coatings. 
Here, antifouling properties, proliferated cell adhesion, 
or the coating of food supplement products have been 
described. [  37–42  ]  Moreover, the employment of block copoly-
mers in self-healing applications represents an attractive 
approach. Such materials undergo microphase separation in 
bulk into a variety of well-documented morphologies. [  43  ]  In 
the case of AB diblock copolymers, this might be one way to 
solve a fundamental problem related to self-healing materials: 
the combination of strong reversible interactions between 
individual polymer chains together with dynamic proper-
ties (low glass transition temperature segments). However, 
such approaches have been rarely described, [  44–48  ]  as mostly 
statistical or random copolymers have been used for such 
purposes. 

 We herein describe the synthesis of well-defi ned PEO-
 b -PFGE block copolymers via living anionic ring-opening 
polymerization. Films of these materials were reversibly 
crosslinked using Diels-Alder (DA)/retro Diels-Alder (rDA) 
chemistry and investigated with regard to possible self-
healing behavior. Multiple healing cycles as well as even 
complex damage patterns can be recovered, and the extent 
of the healing process (length, width of scratches as well as 
the time frame) were carefully investigated with a combi-
nation of differential scanning calorimetry (DSC), depth-
sensing indentation, and profi lometry studies. We further 
show that PEO- b -PFGE block copolymers undergo phase 
separation in the bulk, as indicated by small angle X-ray scat-
tering, differential scanning calorimetry, and contact angle 
measurements.   
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
 2. Experimental Section  

 2.1. Instruments  

 1 H NMR spectra were recorded on a Bruker AC 300 MHz 
spectrometer in chloroform. Size exclusion chromatography 
(SEC) was performed on a Shimadzu SCL-10A system (with 
a LC-10AD pump, a RID-10A refractive index detector, and 
a PL gel 5  μ m mixed-D column at RT), the eluent was a mix-
ture of chloroform:triethylamine: iso -propanol (94:4:2) with 
a fl ow rate of 1 mL min  − 1 . The system was calibrated with 
poly(ethylene glycol) standards from PSS ( M  n   =  1470 g mol  − 1  
to 42 000 g mol  − 1 ). MALDI–ToF mass spectra were obtained 
using an Ultrafl ex III ToF/ToF mass spectrometer (Bruker 
Daltonics) with  trans -2-[3-(4- tert -butylphenyl)-2-methyl-2-prope-
nylidene] malononitrile (DCTB) or 2,5-dihydroxybenzoic acid 
(DHB) as matrix in refl ector as well as in linear mode. The 
instrument was calibrated prior to each measurement with an 
external PMMA standard from PSS Polymer Standards Ser-
vices GmbH. Surface topography as well as fi lm thicknesses 
were measured using an optical interferometric profi ler Wyko 
NT9100 (Veeco, Germany). The instrument is equipped with 
three objectives (2.5 × , 5 ×  and 20 × ), which enable effective mag-
nifi cations between 1 ×  to 40 × . Differential scanning calorimetry 
(DSC) was performed on a Netzsch DSC 204 F1 equipped with 
a liquid nitrogen dewar. Dried samples were weighed into alu-
minum crucibles in amounts ranging from 5 to 20 mg, and an 
empty aluminum crucible was used as reference. The samples 
were measured with a temperature program consisting of three 
heating runs ranging from –150 to 150  ° C with a heating rate 
of 20 K min  − 1  for the fi rst heating run and 10 K min  − 1  for the 
second and third heating runs. The glass transition tempera-
tures ( T g  ) were determined from the second and third heating 
runs (onset value). All thermograms were exported in graphs 
with exo down.  

 Mechanical Properties : The elastic moduli of the materials 
were characterized via depth-sensing indentation (DSI) using 
a TriboIndenter TI 900 (Hysitron Inc., Minneapolis, MN) with 
a NanoDMA 06 transducer, equipped with a conospherical 
diamond indenter tip of  ≈ 4.7  μ m radius. The polymer fi lms 
were prepared by drop casting and dried afterwards under air. 
The measurements were conducted at ambient conditions, at 
23  ±  1  ° C and 31  ±  6% relative humidity (RH) for PFGE 55  and 
at 23  ±  1  ° C and 30.0  ±  3% RH for PEO 330 - b -PFGE 20 , as meas-
ured with a Voltcraft DL–141TH data logger. For quasi-static 
testing, an open loop load function with 1 s loading, 2 s hold 
at maximum load, and 1 s unloading profi le was applied. [  49  ]  
All measurements were performed in a single automated run 
in less than 3 h for one sample. The reduced modulus E r  was 
determined from the unloading response using the analysis 
method proposed by Oliver and Pharr. [  50  ]  Measurements were 
repeated at sixteen maximum loads in a 4  ×  4 array, for PFGE 55  
increasing in steps of 120  μ N from 100 to 1900  μ N or in steps 
of 140  μ N from 100 to 2200  μ N, respectively. PEO 330 - b -PFGE 20  
was measured in steps of 100  μ N from 100 to 1600 for the fi lm 
and in steps of 120  μ N from 100 to 1900  μ N for the crosslinked 
sample. Values are averaged from at least ten measurements 
each. From the reduced modulus  E  r , the indentation modulus 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4921–4932
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     Figure  1 .     Schematic representation of the materials used in this study: 
PFGE and PEO- b -PFGE block copolymers.  
 E  i  was calculated using the elastic modulus and Poisson’s ratio 
of the diamond indenter, 1140 GPa and 0.07, respectively, and 
a Poisson's ratio of 0.4 for the polymeric material, according to

 

Ei,sample = 1 − v2
sample

1
Er,sample

− 1−v2
indenter

Eindenter   (1)    

 The hardness is defi ned as:

 
H = Pmax

A   (2)     

 Small and Wide Angle X-Ray Scattering : SWAXS measure-
ments on dried samples of PFGE 55  and PEO 330 - b -PFGE 20  were 
performed on a Bruker AXS Nanostar (Bruker, Karlsruhe, 
Germany), equipped with a microfocus X-ray source 
(Incoatec I μ SCu E025, Incoatec, Geesthacht, Germany), oper-
ating at   λ    =  1.54 Å. A pinhole setup with 750  μ m, 400  μ m, 
and 1000  μ m (in the order from source to sample) was used 
and the sample-to-detector distance was 107 cm (SAXS) and 
12 cm (WAXS). Samples were mounted on a metal rack and 
fi xed using tape. The scattering patterns were corrected for 
the beam stop and the background (Scotch tape) prior to 
evaluations.  

 Transmission Electron Microscopy : performed using a TEM 
(Zeiss-CEM 902A, Oberkochen, Germany) operating at 
80 kV. Images were recorded using a 1 k TVIPS FastScan CCD 
camera. The TEM samples were prepared by applying a drop of 
the sample solutions onto the surface of a carbon coated copper 
grid (Quantifoil Micro-Tools GmbH, Jena, Germany).   

 2.2. Materials 

 Ethylene oxide (EO) was purchased from Linde and Aldrich. 
Furfuryl glycidyl ether (FGE),  t -BuOK, tetrahydrofuran (THF), 
 n -hexane and toluene were purchased from Aldrich. Tol-
uene and THF were used from a solvent purifi cation system 
(PureSolv, Innovative Technology) and distilled over sodium/
benzophenone. Ethylene oxide was distilled over sodium. Fur-
furyl glycidyl ether was purifi ed by column chromatography 
(eluent: ethylacetate/ n -hexane 5/1) and vacuum drying before 
usage. Diphenylmethyl potassium (DPMK) was synthesized 
as reported previously. [  51  ]  The PEO precursor was prepared via 
living anionic ring-opening polymerization of ethylene oxide 
with DPMK in THF in a BüchiGlasUster PicoClave and dried 
by azeotropic distillation under vacuum from dry toluene.  t -
BuOK was used as received.   

Polymerization of FGE : 4 mL of freshly distilled THF were 
transferred into a Schlenk fl ask and 5.61 mg potassium 
 t -butanolate (0.05 mmol) were added. Subsequently, 0.45 mL 
furfuryl glycidyl ether (FGE, 3.24 mmol, ratio of M:I was 65:1, 
 M  n, theo   =  10 000 g mol  − 1 ) was introduced and the reaction was 
allowed to stir for 24 h at 45  ° C. The reaction was terminated 
by adding 0.5 mL methanol and the product was washed with 
 n -hexane and dried under vacuum.  

 1 H NMR (300 MHz, CDCl 3 – d 6  ,  δ ): 7.27 (d, 1H, CH), 6.24–
6.17 (m, 2H, CH), 4.35 (s, 2H, CH 2 ), 3.55–3.29 (br, 5H, back-
bone), 1.18 (s, 9H,  t -Bu CH 3 ). 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 4921–4932
 SEC:  M  n   =  2900 g mol  − 1 ,  M  w   =  3100 g mol  − 1 , PDI  =  1.07; 
MALDI–ToF MS:  M  p   =  8400 g mol  − 1   

 Synthesis of PEO-b-PFGE Block Copolymers : PEO 330 - b -PFGE 10 : 
3.45 g monohydroxy-functionalized PEO ( M  n,SEC   =  14 000 g mol  − 1 , 
PDI  =  1.05,  M  p,MALDI   =  14 500 g mol  − 1 , 0.24 mmol) was dried 
under vacuum at 75  ° C for 2 h and dissolved in 30 mL freshly 
distilled THF. To activate the hydroxyl group, a stoichiometric 
amount of DPMK was added until the solution remained 
slightly red. 0.33 mL (2.4 mmol) FGE was added and the reac-
tion mixture was allowed to stir for 24 h at 45  ° C under inert 
conditions. The reaction was terminated by the addition of 
0.5 mL methanol and the crude polymer was purifi ed by pre-
cipitation in cold diethyl ether and dried under vacuum.  

 1 H NMR (300 MHz, DMSO– d 6  ,  δ ): 7.5 (s, 1H, CH), 7.2–7.05 
(m, 10H, Ar H), 6.3 (m, 2H, CH), 4.3 (s, 2H, CH 2 ), 3.95 (t, 1H, 
CH), 3.65–3.15 (br, PEO-backbone). 

 SEC:  M  n   =  15 200 g mol  − 1 ,  M  w   =  16 100 g mol  − 1 , PDI  =  1.06; 
MALDI–ToF MS:  M  p   =  16 000 g mol  − 1  

 PEO 330 - b -PFGE 20  was synthesized according the same proce-
dure with regard to stoichiometry. 

 SEC:  M  n   =  17 600 g mol  − 1 ,  M  w   =  18 100 g mol  − 1 , PDI  =  1.04; 
MALDI–ToF MS:  M  p   =  17 000 g mol  − 1     

 3. Results and Discussion 

 We have recently prepared well-defi ned PFGE homo- and 
PEO- b -PFGE block copolymers via living anionic ring-opening 
polymerization (AROP). [  31  ]  Herein, PEO- b -PFGE materials will 
be used for temperature-mediated self-healing of fi lms after 
the controlled application of scratches. For this purpose two 
PEO- b -PFGE block copolymers, PEO 330 - b -PFGE 10  and PEO 330 -
 b -PFGE 20 , were synthesized by sequential AROP and, for com-
parison, a PFGE 55  homopolymer ( Figure    1   and  Table    1  ). Both 
PEO- b -PFGE block copolymers were prepared starting from a 
monohydroxy-PEO precursor by activation with diphenylmethyl 
potassium (DPMK), followed by the addition of FGE. [  31  ]     

 3.1. Structural and Thermal Characterization of PFGE 55  
and PEO 330 - b -PFGE X  Films 

 Both PFGE and PEO- b -PFGE block copolymers were investi-
gated using differential scanning calorimetry (DSC,  Figure    2  ). 
4923wileyonlinelibrary.commbH & Co. KGaA, Weinheim



FU
LL

 P
A
P
ER

492

www.afm-journal.de
www.MaterialsViews.com

   Table  1.     Characterization data of the used homo- and block copolymers. 

Sample  M  n,theo  [g mol  − 1 ]  M  n,SEC  [g mol  − 1 ] b)  M  p,MALDI  [g mol  − 1 ] PDI b) 

PFGE 55 10 000 2900 8400 1.07

PEO 330  a) 14 000 14 800 14 500 1.05

PEO 330 - b -PFGE 10  c) 16 000 15 200 16 000 1.06

PEO 330 - b -PFGE 20  c) 17 600 17 400 17 000 1.04

    a) Precursor;  b) Obtained by SEC (CHCl 3 :TEA:i-Prop. 94:4:2, using PEO standards); 
 c)  Subscripts denote the degrees of polymerization of the corresponding block 
determined by  1 H NMR spectroscopy. The corresponding SEC traces, NMR 
spectra and MALDI-ToF MS pattern can be found in the Supporting Information, 
Figures S1–S3.   
In addition, material degradation during the heating cycles, 
as well as the healing experiments discussed later, can be 
excluded, as thermogravimetric analysis (TGA) demonstrated 
thermal stability of the materials up to approximately 170  ° C 
under air and 335  ° C under nitrogen atmosphere (Supporting 
Information Figure S4).  

 As can be seen, the homopolymer PFGE 55  exhibits a  T  g  at 
approximately –40  ° C (Figure  2 a). PEO 330 - b -PFGE 20  shows a 
strong melting peak at  T  m   =  59  ° C, which can be attributed to 
the PEO segments (Figure  2 b). The inset in Figure  2 b shows 
the regime below 0  ° C at higher resolution and reveals two 
4 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  2 .     DSC thermograms of a) PFGE and b) PEO 330 - b -PFGE 20.  c) Zoom-i
matic representation of the proposed block copolymer bulk morphology. d)
separated glass transition temperatures at –79 and –40  ° C, 
respectively. The fi rst value can be assigned to PEO [  52  ]  whereas 
 − 40  ° C refl ects the PFGE segments. Both separate glass tran-
sition temperatures were also observed in case of PEO 330 - b -
PFGE 10  (data not shown here). The presence of two separated 
 T  g ’s hints towards phase separation, although the overall molar 
mass of both PEO 330 - b -PFGE X  block copolymers is rather low. 
To confi rm this assumption, additional SAXS experiments 
were performed on fi lms which were annealed at 70  ° C for 
30 min and afterwards cooled to room temperature (Figure  2 c). 

 Refl ections could be observed for PEO 330 -b-PFGE 20  at 0.46 ° , 
0.92 ° , and 1.36 ° , corresponding to the [100]:[200]:[300] posi-
tions of a potential lamellar pattern, and the most intense [100] 
signal corresponds to a domain size of  d  lam   =  19  ±  2 nm. The 
formation of lamellae is rather surprising, as the volume frac-
tion of PFGE in PEO 330 - b -PFGE 20  is of about 17.5 wt%, rather 
hinting towards the formation of cylindrical domains. To probe 
the surface properties of the investigated fi lms, water contact 
angle measurements were performed on PEO 330 , PFGE 55 , 
and PEO 330 - b -PFGE 20  surfaces (Figure  2 d). As expected, 
PEO 330  shows a contact angle of 34.5 ° , which is character-
istic for a hydrophilic surface, whereas this increases to 83.6 °  
for PFGE 55 . In case of PEO 330 - b -PFGE 20 , a value of 64.5 °  was 
obtained, showing surface characteristics in between the two 
corresponding homopolymers. At this point, we assume the 
mbH & Co. KGaA, Weinheim

n for PEO 330 - b -PFGE 20 . SAXS measurements of PEO 330 - b -PFGE 20  and sche-
 Contact angle measurements for PEO 330 , PFGE 55  and PEO 330 - b -PFGE 20 .  
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formation of a lamellar bulk morphology in the case of PEO 330 -
 b -PFGE 20 . For PEO 330 - b -PFGE 10 , the obtained SAXS pattern 
(Supporting Information Figure S5a) was different, and the 
volume fraction of approximately 10% for PFGE hints towards 
the formation of PFGE spheres within a PEO matrix. This was 
confi rmed by sonication-assisted dissolution of a crosslinked 
PEO 330 - b -PFGE 10  block copolymer fi lm in DMF, resulting 
in micellar structures with a crosslinked PFGE core of about 
10 nm in diameter and a PEO corona, as observed via TEM 
measurements (Supporting Information, Figure S5b). Unfortu-
nately, we were not able to distinguish between both domains 
in case of PEO 330 - b -PFGE 20  block copolymers via atomic force 
microscopy (AFM) or TEM. In the latter case, thin samples 
( ≈ 80 nm) were prepared from a crosslinked block copolymer 
fi lm using a microtome. We observed rather rapid electron 
beam damage and the formation of sheet-like fragments. Even 
staining with OsO 4  (addressing any remaining double bonds in 
the PFGE domains) did not result in an improved phase con-
trast. As a consequence, the assumption of lamellar structures 
within fi lms from PEO 330 - b -PFGE 20  relies on the SAXS data, as 
well as contact angle measurements and the DSC results. 

 To exclude that the SAXS pattern in Figure  2 c is merely 
caused by crystalline PEO domains, small (SAXS) and wide 
angle X-ray (WAXS) measurements at different temperatures 
were carried out ( Figure    3  ). As it is clearly shown, the most 
intense refl ection in SAXS at 0.46 °  is still present even above 
the melting point of PEO and after 16 h at 70  ° C (Figure  3 a). The 
fact that here only the [100] refl ection is visible can be ascribed 
to shorter measurement times ( ≈ 30 min if compared to 4 h in 
Figure  2 c), resulting in a decreasing signal-to-noise ratio. If this 
is combined with WAXS measurements of the same sample 
under comparable conditions (Figure  3 b), very intense refl ec-
tions at 18.6 °  and 22.8 °  (among other less intense signals) can 
be assigned to semicrystalline PEO domains. [  53  ]  Upon heating, 
these disappear at about 64  ° C (inset in Figure  3 b) and a broad 
amorphous halo can be observed.    

 3.2. Reversible Crosslinking of PFGE-Based Materials 

 For self-healing studies, fi lms were prepared from PFGE 55 , 
PEO 330 - b -PFGE 10  and PEO 330 - b -PFGE 20  via drop-casting onto 
polished glass slides. Typically, 20 mg of the polymer and a 
© 2013 WILEY-VCH Verlag G

     Figure  3 .     a) Small and b) wide angle X-ray patterns for PEO 330 - b -PFGE 20  at d
the refl exes for semicrystalline PEO.  

Adv. Funct. Mater. 2013, 23, 4921–4932
stoichiometric amount of the crosslinker, 1,1-diphenylme-
thyl bismaleimide (BMA), were dissolved in 0.2 mL dichlo-
romethane (DCM). The solution was applied to a glass slide 
using a syringe and the solvent was allowed to evaporate. 

 Due to the presence of BMA, slightly yellow fi lms (depending 
on the amount of crosslinker) were obtained. In case of the 
PFGE homopolymer, the amount of BMA was reduced to 0.8 
equivalents, otherwise demixing and crystallization of the 
crosslinker was observed. For crosslinking, the polymer fi lms 
were heated to 65  ° C in an oven ( Figure    4  a). To ensure full 
crosslinking, the samples were kept at this temperature for 
14 h. Subsequent network formation via crosslinking of the 
furan groups led to a signifi cant change in the material proper-
ties, accompanied by a color change in case of the block copol-
ymer fi lms from slightly yellow to red. This was not the case 
for fi lms from PFGE 55 . We tentatively propose an aggregation 
of the crosslinker within the PEO domains, possibly due to the 
formation of  π -complexes. This color change can also be moni-
tored by time-dependent UV–Vis spectroscopy at 50  ° C in solu-
tion (Supporting Information, Figure S6). However, the color 
change also depends on the temperature or the time during 
sample preparation. A detailed study of this phenomenon is, 
however, beyond the scope of this work. In all cases an increase 
of the fi lm hardness was observed during crosslinking using 
depth sensing indentation measurements (Figure  4 ). We have 
to point out that fi lms of PEO 330 - b -PFGE 10  visibly melted at 
59  ° C even after crosslinking. As melting of crosslinked PEO 330 -
 b -PFGE x  fi lms during the heating cycles would lead to fi lm 
deformations, we focused on PFGE 55  and PEO 330 - b -PFGE 20  for 
further studies.  

 First, the mechanical properties of PFGE-based fi lms prior 
to and after crosslinking with BMA were investigated. As 
pristine fi lms from PFGE 55  were liquid (highly viscous) at 
room-temperature, no indentation measurements were pos-
sible. PEO 330 - b -PFGE 20  shows a hardness ( H , defi ned as load/
indentation area) of 0.038 GPa and a stiffness ( E  i , Young mod-
ulus) of 0.46 GPa. All  H  values provided refer to a displace-
ment of 150 nm. The  E  i  values represent average values of the 
obtained data in the linear range. After crosslinking, PFGE 55  
shows a hardness of 0.6 GPa and a stiffness of  E  i   =  5.13 GPa 
(Figure  4 b,d), the values being slightly higher as reported 
for “hard” polymers, like poly(methyl methacrylate) (PMMA, 
0.32 GPa, 4.8 GPa) as well as polystyrene (PS, 0.34 GPa, 
4925wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  4 .     a) Schematic representation of the crosslinking of PFGE with a bifunctional maleimide BMA crosslinker. Depth-sensing indentation measure-
ments for b,d) PFGE 55  and c,e) PEO 330 - b -PFGE 20  fi lms before and after crosslinking.  
4.8 GPa). [  54  ]  This can be explained by a rather high degree of 
crosslinking, as each monomer unit carries a furan group in 
the side chain. For PEO 330 - b -PFGE 20 , signifi cantly lower values 
of  H   =  0.071 GPa and  E  i   =  0.91 GPa compared to PFGE 55 , but 
increased by a factor of two compared to the non-crosslinked 
state were obtained (Figure  4 c,e). This can be rationalized by 
the presence of only 17 wt% PFGE and, hence, a lower overall 
degree of crosslinking. 

 According to the load displacement results, the block 
copoly mer fi lms showed visco-elastic behavior (Supporting 
Information, Figure S7), which is one prerequisite/driving 
force for a self-healing process. The PEO segments seemed 
to act as a softening material, whereas an increasing hard-
ness at higher displacements was observed as well. The 
increase of both hardness and stiffness can be attributed to the 
crosslinking of PFGE 55  and PEO 330 - b -PFGE 20  and, therefore, 
6 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag 
the rDA reaction is expected to invert this process. The fi lms 
were therefore heated to 155  ° C for 3 h and subjected to addi-
tional depth-sensing-indentation measurements at RT. At this 
point, a color change of the diblock copolymer fi lm from red 
to brown was observed. Nevertheless, the block copolymer was 
shown to withstand these conditions. [  31  ]  

 As expected, the E i -modulus decreased to 1.76 GPa after the 
treatment at 155  ° C, and the hardness was reduced to 0.26 GPa 
for PFGE 55  (Figure  4 b,d). Subsequent re-crosslinking by heating 
to 65  ° C for 14 h led to an increase to 4.51 GPa (E-modulus) 
and 0.45 GPa (hardness), although the values are slightly lower 
than after the fi rst crosslinking procedure. We attribute this 
to an incomplete DA reaction. For the PEO 330 - b -PFGE 20  block 
copolymer fi lm, no signifi cant changes after the rDA reaction 
were observed, which can be attributed to the rather low weight 
fraction of the PFGE segment. 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4921–4932
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     Figure  5 .     a) DSC measurements of a crosslinked PFGE 55  fi lm with a heating rate of 20 K min  − 1  for the fi rst run and 10 K min  − 1  for the second run. 
b) Multiple measurements of a crosslinked PEO 330 - b -PFGE 20  block copolymer fi lm.  
 As the rDA is the key for a successful reversible network for-
mation, we studied a crosslinked PFGE 55  fi lm in more detail 
by DSC measurements ( Figure    5  ). As shown in Figure  5 a for 
PFGE 55 , the rDA reaction occurs within a temperature range 
of 135 to 160  ° C. We attribute the fact that this is not visible for 
PEO 330 - b -PFGE 20  to the limited sensitivity of the DSC and the 
© 2013 WILEY-VCH Verlag G

     Figure  6 .     Profi lometry measurements of PEO 330 - b -PFGE 20  block copolymer
process at 155  ° C.  

Adv. Funct. Mater. 2013, 23, 4921–4932
low content of crosslinked furan rings. Heating of a crosslinked 
PEO 330 - b -PFGE 20  does not reveal any signal during the fi rst 
heating run (Figure  5 b). However, after heating above the rDA 
temperature, subsequent cooling, and repeated heating a slight 
melting peak at 50  ° C can be detected, which we ascribe to par-
tial crystallization of the PEO domains.    
4927wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  7 .     Profi lometry measurements of a) a crosslinked PEO 330 - b -PFGE 20  fi lm, b) after heating for 4 h at 65  ° C, c) subsequent heating for 4 h at 100  ° C, 
and d) heating for 3 h at 155  ° C.  
 3.3. Self-Healing Properties of PEO 330 - b -PFGE 20  

 In order to introduce controlled surface defects, the respective 
fi lms were treated with a spatula, resulting in scratches of var-
ying depth, length and width. At this point, it can be noticed 
that such fi lms from PFGE 55  were very brittle and scratching 
led to fi lm breakage. Therefore, it was concluded that “pure” 
fi lms from PFGE 55  are not suitable, at least as thin fi lms, and 
we focused on PEO 330 - b -PFGE 20  fi lms, which were stable upon 
scratching. 

 Films containing PEO 330 - b -PFGE 20  and the BMA crosslinker 
(molar ratio was 1:1) were prepared and crosslinked at 65  ° C for 
14 h. In the literature, values between 50 and 70  ° C were deter-
mined for this procedure by DSC. [  28  ,  29  ,  55  ,  56  ]  After crosslinking, 
the fi lm surface was analyzed using an optical profi lometer 
( Figure    6  ) and subsequently scratched with a spatula. As it can 
be seen, defi ned scratches (Scratch 1: 7  μ m depth, 0.45 mm 
width, length 8 mm; Scratch 2: 0.9  μ m depth, 0.1 mm width, 
length of 3.5 mm) were created (Figure  6 b, the dashed lines 
are a guide to the eye as the instrument is not able to resolve 
the steep walls of this particular scratch). Afterwards, the block 
copolymer fi lm was heated for 3 h at 155  ° C, allowed to cool 
down slowly to 65  ° C, and re-crosslinked for 14 h at 65  ° C.  

 After the rDA reaction at 155  ° C and subsequent crosslinking 
at 65  ° C, profi lometry revealed that Scratch 2 disappeared com-
pletely and Scratch 1 decreased to 1.2  μ m depth and 0.2 mm 
width. Repetition of the heating process and increasing of the 
heating time did not lead to a further reduction of the scratch 
size. During all steps of this process, the overall thickness of 
the PEO 330 - b -PFGE 20  fi lm was monitored and shown to be con-
stant (height  ≈ 54  μ m) (Supporting Information, Figure S8). 
Furthermore, defects within the block copolymer fi lm remained 
unchanged, which would not be the case if the sample would 
undergo melting. 
928 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
 To ensure that the rDA reaction, followed by crosslinking at 
65  ° C, is responsible for the healing process, a fi lm ( Figure    7  a) 
with defi ned scratches was heated for 4 h at 65  ° C (over the 
melting temperature of the pristine block copolymer) and the 
surface was investigated by profi lometry (Figure  7 b). At this 
temperature, no changes were observed whereas subsequent 
heating to 100  ° C for additional 4 h led to slight changes of the 
fi lm surface (Figure  7 c). In case of small scratches (max. depth 
1  μ m, Figure  7 a,2), the depth was reduced by approximately 
0.5  μ m whereas deeper scratches (depth  ≈ 6  μ m or higher 
Figure  7 a,1) remained unchanged. At this point we assume that 
heating to 100  ° C leads to an increase of the chain mobility and 
possibly to the rDA reaction of small parts of the crosslinked 
units, which can be regarded as a kind of “pre-healing” pro-
cess. Only if the fi lm was heated to 155  ° C for 3 h (Figure  7 d), 
signifi cant changes were observed (complete disappearance of 
smaller scratches as well as the decrease in length and width 
of larger defects). The fact that rather small gashes can already 
be repaired at lower temperatures has also been observed for 
networks from hyperbranched fl uorinated polyethers created 
via DA chemistry. [  57  ]  Tentatively, the following mechanism is 
proposed to be responsible for the self-healing process: the 
incorporation of BMA and subsequent crosslinking leads to 
increasing hardness and decreasing chain mobility. At this 
point, the block copolymer fi lm is damaged by mechanical 
force. Heating to 155  ° C induces a rDA reaction and a partial 
decrosslinking of the network, accompanied by an increase 
in chain mobility leading to a kind of a refl ow and, therefore, 
closure of the crack. The crosslinks are then partially reformed 
upon cooling.  

 We were also interested in the maximum number of possible 
self-healing cycles. For this purpose, a PEO 330 - b -PFGE 20  block 
copolymer fi lm was subjected to several cycles of crosslinking-
scratching-rDA-crosslinking ( Figure    8  ).  
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4921–4932
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     Figure  8 .     Repeated scratch healing of a PEO 330 - b -PFGE 20  block copoly mer 
fi lm: 1 st  cycle a) after scratching; b) after healing, c,d) 2 nd  cycle, and 
e,f) 4 th  cycle.  

     Figure  9 .     5 th  scratch healing cycle of a PEO 330 - b -PFGE 20  block copolymer 
fi lm comprising a scratch with a gradient depth and width before (a) and 
after self-healing (b).  
 In the fi rst cycle, a scratch of 0.13 mm width, 0.82  μ m depth 
and 4.4 mm length was infl icted (Figure  8 a), and heating to 
155  ° C for 3 h, followed by subsequent crosslinking for 14 h 
at 65  ° C lead to a disappearance of the scratch (Figure  8 b). This 
procedure was repeated 4 times, and the 2 nd  healing cycle (a 
scratch of 0.14 mm, 0.42  μ m depth and 5.4 mm length) is 
shown in Figure  8 c before and Figure  8 d afterwards. Already 
here, it can be noticed that the fi lm surface increases in rough-
ness, particularly visible in the surface profi le in Figure  8 d. 
Nevertheless, in the fourth healing cycle, a 0.13 mm wide, 
0.68  μ m deep and 5.2 mm long scratch (Figure  8 e) can be still 
removed (Figure  8 f). Whereas this can be applied to rather 
small scratches, the effi ciency of the healing process for the 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 4921–4932
block copolymer fi lms regarding larger surface defects seems to 
decrease with increasing cycle number. To demonstrate this, a 
scratch with a depth (3.8 to 1.3  μ m) and width (3.4 to 1.7 mm) 
gradient was applied to a fi lm after 4 healing cycles ( Figure    9  a). 
After heating to 155  ° C for 3 h and subsequent crosslinking, 
the scratch depth decreased to 0.66  μ m on the left side of the 
sample (Figure  9 b). Also the width was reduced to 1.2 mm, 
whereas the thinner parts of the scratch completely disap-
peared. If compared to block copolymer fi lms during the fi rst 
healing cycles, where the depth of scratches could be reduced 
by up to 6–7  μ m, this decreased after 5 healing cycles to approx. 
2 to 3  μ m.  

 Our explanation for this phenomenon is that with 
increasing number of heating cycles the amount of thermo-
dynamically stable exo-product during the Diels-Alder reaction 
increases, which lead to a shift of the rDA process to higher 
temperatures. [  58  ,  59  ]  As severe broadening of the signals in 
 1 H NMR spectroscopy hints towards (at least partial) mate-
rial degradation when fi lms were heated above 170  ° C in air, 
a complete cleavage of the DA adducts is not possible under 
these conditions. As this currently limits the process, the fi lms 
were heated under an inert atmosphere in a glovebox as an 
alternative. After 30 min at temperatures of 175 to 215  ° C, a 
color change from brownish to dark brown was visible. Never-
theless, the network structure still seemed to be intact as the 
PEO 330 - b -PFGE 20  fi lm remained insoluble in different organic 
solvents (e.g., THF, DMF). To identify the origin of the color 
change, we heated pure PEO 330 , PFGE 55  (pristine as well as 
crosslinked) and the BMA crosslinker was heated to 215  ° C. 
4929wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  10 .     Self-healing process of a multi-scratch pattern (a) before, and b) after) as well as a complex pattern within a crosslinked PEO 330 - b -PFGE 20  
block copolymer fi lm (c) before, and d) after heating to 155  ° C).  
Both PEO 330  and BMA melted, whereas both PFGE samples 
revealed a rapid color change to dark brown, presumably due 
to the thermal instability of the furan moieties. [  60  ]  According to 
SEC measurements, no degradation occurred for PFGE 55  as a 
comparable elution trace was observed afterwards (Supporting 
Information, Figure S9). Nevertheless, we found that under 
0 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag
these rather harsh conditions the surface roughness increased 
rapidly. This might be explained by a fast cooling of the sample 
and partial breakage of the fi lm due to mechanical stress. Even 
after this heat treatment, the block copolymer fi lms exhibited 
self-healing abilities (a scratch of 2.9  μ m depth decreased to 
0.3  μ m). 
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4921–4932
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   3.4. Multiple Scratches and Complex Scratch Patterns 

 We also applied complex scratch patterns to crosslinked 
PEO 330 - b -PFGE 20  block copolymer fi lms ( Figure    10  ). As shown 
in Figure  10 b, small scratches with, e.g., a depth of 1.2  μ m and 
a width of 0.16 mm disappeared completely, whereas deeper 
scratches with a depth of 6.2 or 9.8  μ m and widths of 0.45 and 
0.5 mm only decreased in size. The depths could be reduced to 
0.8 and 3.8  μ m, respectively, as well as the scratch width to 0.23 
and 0.3 mm.   

Figure  10 c depicts a rather challenging scratch pattern, two 
“Santa's houses” with depths of approximately 1.8 to 6.8  μ m 
and 4.2 to 16  μ m. As shown in Figure  10 d, the left (less deep) 
pattern vanished nearly completely. Only in case of the deeper 
scratch (6.5  μ m), the depth was reduced to 1.8  μ m, whereas the 
right-hand pattern comprising deeper scratches (12 to 16  μ m) 
can still be seen afterwards (remaining scratches with 7.1 and 
8.7  μ m depth). 

 Finally, the comparison of the healing effi ciency of the 
system presented here with literature examples was targeted. 
As shown before, it is possible to heal scratches of up to 6  μ m 
depth and 1.7 mm width at elevated temperatures and on 
a time scale of 17 h (3 h at 155  ° C and 14 h at 65  ° C). One 
of the next targets for future studies is to reduce the required 
annealing times. For the initial investigation of the system the 
focus was placed on the complete crosslinking of the polymer 
fi lms. However, self-healing approaches exploiting Diels-Alder 
chemistry will be necessarily limited to this temperature range 
in order to induce network formation or cleavage. This has 
also been demonstrated for comparable systems using this 
approach. [  29  ,  35  ]  Self-healing processes based on  π – π  interac-
tions have been shown to operate at 90  ° C and were able to 
cure scratches of up to 75  μ m width within minutes. [  20  ]  In the 
case of systems based on hydrogen bonding it could be shown 
that previously cut pieces reconnect by simple surface contact 
at ambient temperatures, but this ability decreased the longer 
the pieces were kept separate (which we did not observed in the 
current example). [  15  ,  61  ]  Comparable materials based on revers-
ible metal-ligand-interactions were also healed at elevated tem-
peratures ( > 100  ° C) and the BMA crosslinker to 215  ° C. [  17  ,  18  ,  62  ]     

 4. Conclusion 

 We demonstrate one of the fi rst examples for self-healing 
materials based on block copolymers. Films from PEO 330 - b -
PFGE 20  diblock copolymers were shown to exhibit a smooth 
surface and a lamellar bulk morphology with a domain size 
of approximately 19 nm. The materials are capable of under-
going reversible (up to fi ve times shown here) crosslinking/
de-crosslinking and, hence, healing of infl icted damage at ele-
vated temperatures. Comparison with PFGE 55  homopolymers 
via depth-sensing indentation revealed that this is accompa-
nied by changes in hardness of the PFGE minority fraction. 
The results clearly show that PEO- b -PFGE block copolymers 
are promising candidates for self-healing surfaces (possible 
healing of scratches of up to 6  μ m depth and 1.7 mm width), 
although still rather long cycles (up to 17 h) and high tempera-
tures (155  ° C) are required, and the employed BMA crosslinker 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 4921–4932
is rather toxic. In addition, the effi ciency of the rDA process 
decreases with increasing cycle number, presumably due to the 
formation of the exo-product during the DA reaction. Neverthe-
less, our approach addresses one of the inherent problems in 
self-healing materials: the combination of smooth and dynamic 
segments with the capability of strong and reversible network 
formation via, here, Diels-Alder chemistry. 

 It will be the subject of further studies to purposefully vary 
the weight fraction of PFGE to access different bulk morpholo-
gies for such block copolymers as well as to identify superior 
crosslinking agents. Also, the use of PFGE- b -PEO- b -PFGE tri-
block copolymers might be advantageous.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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