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Tuning the Self-Healing Behavior of One-Componentritrinsic

Polymers

Julia Kotteritzsch, Martin D. Hager* and Ulrich Schubert*

Novel terpolymers with furan and maleimide units fasctional moieties for the
reversible crosslinking by the Diels-Alder (DA) otian with different polar and
nonpolar co-monomers and linkers have been prepargubtential applications as self-
healing coatings. The synthesized linear one-comppaystems are able to crosslink
via the functional units in the side chaire(furan and maleimide) resulting in a highly
crosslinked network. The terpolymers contain ddfégrmaleimide methacrylates with
three different linkers (MIMA 1, MIMA 2, MIMA 3), vkich vary in the length and the
composition of the spacer unit as well as furfundthacrylate (FMA) as active units.
Moreover, as polar co-monomers hydroxyethyl metylatg (HEMA),
dimethylaminoethyl methacrylate (DMAEMA) as well & (hydroxyethoxy)ethyl
methacrylate (DEGMA) and as nonpolar co-monomeylbuethacrylate (BMA) were
used. The terpolymers were characterized usHgNMR spectroscopy and SEC
measurements; the thermal properties were studied3A and DSC investigations as
well as the self-healing properties by real-timalgses using a microscope equipped

with a camera.

Keywords: copolymerization; crosslinking; Diels-&ld cycloaddition; self-healing

polymers; microscope images; polar co-monomers



1. Introduction

Self-healing materials are in focus of interestanent years. In particular, the Diels-
Alder (DA) cycloaddition has been applied in mangtemials to achieve intrinsic self-
healing abilities without changing significantlyetoriginal properties of the materials
[1-3]. By this manner, it is possible to acces$-lsealing polymers with well-defined
architectures and properties, due to the thernvarsaility (retro-Diels-Alder reaction)
[4,5]. The Diels-Alder chemistry was widely utilizén polymer as well as material
science [1,6-10]. Later, Wudl and coworkers intimtlithis concept into the field of
self-healing (remendable) polymers [2,11-13].

The first synthesis of a functional copolymer basedmethacrylates was reported by
Wouters and Fischesgt al. in 2009 and additionally by Haddleton and cowaoskir
2010 [14,15]. The first investigations on the swsis of PFMAvia ATRP and free
radical polymerization (FRP) and the copolymermatiwith methyl methacrylate
(MMA) were published by Kavitha and Singha as vesllthe synthesis of a PFM#-
PEHA-b-PFMA triblock copolymer. The authors also studilee self-healing properties
of the copolymer [16-19].

Our previous work was based on these investigatams we could create a one-
component intrinsic self-healing coating based lwn reversible DA reaction. For this
purpose we incorporated both functionalities far DA reactionj.e., furan as well as
maleimide units, into linear polymers based on dha@ylate backbone [20]. As a
consequence no additional (low molar mass) crdssigare required to crosslink the
polymer and to achieve the desired self-healingpgnttes. The self-healing properties
of the most promising terpolymer P(LMéo-MIMA-co-FMA) were further
investigated by Boset al. [21]. Barthelet al. extended the concept to functional block

copolymers [22-24].



One drawback of the Diels-Alder cycloaddition oflewmide and furan is the required
high temperature (120 to 180 °C) of the rDA [20j. dur previous work the DSC
measurements and the self-healing studies of tipelypmers P(AMA€o-FMA-co-
MIMA) revealed that the variation of the chain lédmgf the co-monomers influenced
the temperature of the retro-Diels-Alder reactiblure nonpolar environments resulted
in higher temperatures of the retro-Diels-Alderctem [20]. This effect was also
observed by Kavitha and Singha [16—19]. Additiomdher studies revealed that more
polar environments of the maleimide/furan unit tesiiin a slightly decreased rDA
temperature [25—-28]. Toncebit al. pointed out that at relatively low maleimide/furan
ratio the RDA transitions become broader and skafigmmetrically towards lower
temperatures, while the crosslinking density dremmificantly. This is due to the
decrease of the furan content and, therefore, erease of the mobility of the chains
appears [28]. Similar effects of the polarity oe #ctivation energy (& of the rDA of
small molecules were reported by Wijnetnal [29], Rispenst al[30] and Kiselevaet

al. [31]. The authors indicated that polar solverdseha significant influence on the
equilibrium of the Diels-Alder reaction and on thetivation energy of the retro-Diels-
Alder reaction. As a consequence we decided tostigade if the incorporation of a
polar co-monomer (HEMA, DMAEMA and DEGMA) into therpolymer with Diels-
Alder functionalities could also decrease the rl@Aperature. Furthermore, this factor
could also be useful to improve the self-healinlgavsor of the copolymers.

A restriction In this case is the relatively higkags transition temperature of these
monomers compared to lauryl methacrylate (LMA), aithievealed up to now the best
self-healing properties [20]. As reported by Mayal &dronov also the linker unit has a
significant influence on the hardness of the filemeell as the film-forming behavior of

the system [32]. An enhanced mobility of the systpmamotes the self-healing



properties at lower temperatures due to the regueeckflow of the material into the
scratch after reaching the rDA temperature.

Therefore, also different linkers of the maleimidethacrylate monomers were used to
improve the flexibility and mobility of the copolyens, because this represents an
important prerequisite for the potential self-heglabilities of our one-component self-

healing system at lower temperatures.

2. Experimental Procedures

2.1 Materials and Instrumentation

All chemicals were purchased from Fluka, Aldrichgrds Organics as well as Alfa
Aesar and were used without further purificationesa otherwise specified. The
solvents were purchased from Biosolve, Aldrich asllvas Acros Organics. Dry
dichloromethane and toluene were obtained from r@3ulv-EN Solvent Purification
System (Innovative Technology). Triethylamine wasdl over calcium chloride.

1D (*H, *C) nuclear magnetic resonance spectra were recandex Bruker AC 400
(400 MHz), Bruker AC 300 (300 MHz) and Bruker AC®%250 MHz) at 298 K.
Chemical shifts are reported in parts per millippr(, o scale) relative to the residual
signal of the solvent. Coupling constants are gineriz.

CHN analysis was carried out on a Vario El Ill (Bkentar) elemental analyzer.
ESI-TOF MS measurements were performed using aQiioF (Bruker Daltonics)
mass spectrometer, which was equipped with a syfgnp for sample injection and a
standard electrospray ion source. The mass spestieoiwas operating in the positive

ion mode and the data were processed with the mfofocontrol Version 3.0 and Data



Analysis Version 4.0 SP2. The instrument was caldd by a tunemix solution (m/z 50
to 3,000) from Agilent.

Size exclusion chromatography measurements wererperd on an Agilent 1200
system (degasser, isocratic pump, autosampler, e®dctbr) and two PSS GRAM
(1000/30 A, 10 um particle size) columns in sef@sent: DMAc with 2.1 g/L LiCl;
flow rate of 1 mL/min atm 40 °C) using linear paohgthyl methacrylate) standards.
The TGA analysis (TGA) was carried out using a Netz TG 209 F1 and the
differential scanning calorimetry (DSC) measureraemére performed on a DSC 204
F1 Phoenix by Netzsch under a nitrogen atmosphiheavheating rate of 20 K miin

The simultaneous thermal analysis (STA) was caraedusing the Netzsch 449 F3
Jupiter with a Netzsch QMS 403 D Aéolos MS deteattat a Bruker Tensor 27 FT-IR
detector.

Optical micrographs of the sample were acquiredh Wit optical detection unit of the
AFM facility. For this purpose, the films were cstisked for 4 h between 120 to
130 °C, scratched with a hollow needle or a knife@ icontrolled manner and annealed

for individual timescales to obtain the differerating states at different temperatures.

2.2  Synthesis

The monomers MIMA 1 to MIMA 3 and the correspondprgcursors were synthesized
according to Koétteritzscht al.[20]. The synthesis of the copolyméts to P7 was also
performed using similar conditions as describedkibyteritzschet al. [20]. Only the
reaction conditions for the terpolymers with thdgpaco-monomersR1, P2 and P4)
were varied due to the better solubility of the mmiers and the resulting polymers in

polar solvents [33,34].



Synthesis of  2-(6-hydroxyhexyl)-3a,4,7,7a-tetrahydr1H-4,7-epoxyisoindole-
1,3(2H)-dione (3)

3a,4,7,7a-Tetrahydro-4,7-epoxyisobenzofuran-1,8alio (2.0g, 12.1 mmol) and
methanol (50 mL) were added into a three-neck reéaosttbm flask containing a
magnetic stirring bar and a reflux condenser. Tdlet®n was purged with nitrogen for
10 min in an ice bath. Subsequently, 6-aminohexah-(1.4 g, 12.1 mmol) and
triethylamine (1.7 mL, 12.1 mmol) were added. Thaction mixture was allowed to
warm to room temperature and the temperature wes itacreased to 67 °C for 20 h.
Subsequently, 10% of 6-aminohexan-1-ol (0.14 g,rfol) was added and stirring
was continued for 2 h at 70 °C. The solution turdadk orange. The flask was cooled
to room temperature and the solution volume wasaed to dryness. Subsequently, the
orange oil was dissolved in dichloromethane, wastigédwater and dried over MgS0O
The product was precipitated in ice-cold hexane stoded at —22 °C. The precipitate
was collectedy decantation and used without further purificativield 1.1 g (35%).
'H NMR (250 MHz, CDCY): 6 = 6.50 (s, 2H, @), 5.25 (s, 2H, @), 3.60 (t,J = 6.3
Hz, 2H, H,), 3.47 (t, J= 7.2 Hz, 2H, ©,), 2.82 (s, 2H, €), 1.7 — 1.2 (m, 8H, B)).
%C NMR (62.9 MHz, CDGJ): 6 = 176.3 CO-N), 136.5 (€H-), 80.9 (-CH-), 62.6 (-
CHy-), 47.4 (KH-), 38.8 (CH-), 32.4 (CHx), 27.4 (CHx), 26.1 (CH»-), 25.0 (-
CH2-). (C14H19NOs), (265.1): Caled. C 63.38, H 7.22, N 5.28; Found C 63.67,.61L,

N 4.89.

Synthesis of 2-(2-(2-hydroxyethoxy)ethyl)-3a,4,7,Agtrahydro-1H-4,7-epoxyiso-
indole-1,3(2H)-dione (4)
3a,4,7,7a-Tetrahydro-4,7-epoxyisobenzofuran-1,8aio (1 g, 6 mmol), methanol

(50 mL) and 2-(2-aminoethoxy)ethan-1-ol (0.7 g, ihol) were added into a three-



neck round-bottom flask containing a magneticistiybar and a reflux condenser. The
solution was purged with nitrogen for 10 min in @e bath. Subsequently,
triethylamine (1 mL, 7.2 mmol) was added. The reacixture was allowed to warm
to room temperature and the temperature was latneased to 67 °C for 20 h.
Subsequently, 10% of 2-(2-aminoethoxy)ethan-1-d{Qy, 0.7 mmol) was added and
stirring was continued for 2 h at 70 °C. The salntiurned dark orange. The flask was
cooled to room temperature and the solution voluwwves reduced to dryness.
Subsequently, the orange oil was dissolved in dramhethane, washed with water and
dried over MgSQ@ The product was precipitated in ice-cold hexane stored at —22
°C. The precipitate was collectég decantation and used without further purification.
Yield 0.59 g (38%)H NMR (300 MHz, CDCY): 6 = 6.50 (s, 2H, €), 5.28 (s, 2H,
CH), 3.80 — 3.4 (m, 8H, B5), 2.86 (s, 2H, €), 2.70 (s, 1H, ®). ¥*C NMR (62.9
MHz, CDCE): 6 = 176.3 CO-N), 136.4 (€H-), 81.0 (xCH-), 72.3 (CH), 67.0 (-
CHx), 61.6 (CHy-), 47.4 (XH-), 38.5 (CHy-). (CiaHisNOs), (253.3); Calcd. C

56.91, H 5.97, N 5.53; Found C 56.83, H 6.31, N25.5

Synthesis of 6-(1,3-dioxo-1,3,3a,4,7,7a-hexahydrét2,7-epoxyisoindol-2-yl)hexyl
methacrylate (MIMA 2)
2-(6-Hydroxyhexyl)-3a,4,7,7a-tetrahydro-1H-4,7-epsrindole-1,3(2H)-dione

(0.925 g, 3.6 mmol) was added to a two-neck routtbin flask containing a magnetic
stirring bar. After purging the flask with nitrogedry dichloromethane (20 mL) and
triethylamine (0.8 mL, 5.7 mmol) were added and rim@ction solution was cooled to
0 °C with an ice bath. To this solution methacrylolyloride (0.4 mL, 4.1 mmol) was
added dropwise. The reaction was stirred overnigidwly warming to room

temperature. Subsequently, the reaction mixture g@enched with methanol and



afterwards extracted with aqueous JIH H,O and brine. The organic layer was dried
over MgSQ, filtered and reduced in vacuum. The product washér purifiedvia
column chromatography (silica, ethyl acetate asreu Yield 0.667 g (55%)}H NMR
(300 MHz, CDC}): ¢ = 6.51 (s, 2H, €), 6.09 (s, 1H, €), 5.55 (s, 1H, €), 5.26 (s,
2H, CH), 4.11 (t,J = 6.6 Hz, 2H, El,), 3.46 (t,J= 7.3 Hz, 2H, El,), 2.84 (s, 2H, @),
1.93 (s, 3H, €l3), 1.8 — 1.5 (m, 4H, B,), 1.5 — 1.2 (m, 4H, B,). 3C NMR (62.9
MHz, CDCk): 6 = 176.3 (€O-N), 167.5 (£0), 136.5 (€H-), 136.5 (=), 125.2
(>C=), 80.9 (;CH-), 64.5 (CHy-), 47.4 (3CH-), 38.8 (CHy), 28.4 (CHy), 27.4 (-
CHy-), 26.2 (CHy-), 25.5 (CH-), 18.3 (CHs). (C1sH23NOs), (333.2): Calcd. C 64.85,

H 6.95, N 4.20; Found C 64.77, H 7.08, N 3.97.

Synthesis  of  2-(2-(1,3-dioxo-1,3,3a,4,7,7a-hexahpd2H-4,7-epoxyisoindol-2-
yl)ethoxy)ethyl methacrylate (MIMA 3)
2-(2-(2-Hydroxyethoxy)ethyl)-3a,4,7,7a-tetrahydrd-4,7-epoxyisoindole-1,3(2H)-
dione (0.5g, 2 mmol) was added into a two-neckndobottom flask containing a
magnetic stirring bar. After purging the flask withtrogen, dry dichloromethane
(10 mL) and triethylamine (0.4 mL, 2.9 mmol) werddad and the reaction solution
was cooled to 0 °C with an ice bath. To this solutnethacryloyl chloride (0.3 mL, 3.1
mmol) was added dropwise. The reaction was stioeglnight, slowly warming to
room temperature. Subsequently, the reaction maxteas quenched with methanol and
afterwards extracted with agueous X0 H,O and brine. The organic layer was dried
over MgSQ, filtered and reduced in vacuum. The product washér purifiedvia
column chromatography (silica, ethyl acetate agrmu Yield 0.5 g (79%)*H NMR
(300 MHz, CDC}): 6 = 6.52 (s, 2H, €), 6.13 (s, 1H, €), 5.58 (s, 1H, €), 5.27 (s,

2H, CH), 4.25 (t,J = 4.8 Hz, 2H, @), 3.8 -3.6 (M, 6H, 8,), 2.87 (s, 2H, @), 1.95



(s, 3H, GH3). °C NMR (62.9 MHz, CDGJ): ¢ = 176.1 (€O-N), 167.3 (€0), 136.5
(=CH-), 136.1 (€=), 125.7 (=), 80.9 (*:CH-), 68.6 (CHy), 67.1 (CH-), 63.8 (-
CHy), 47.4 (3CH-), 38.1 (€Hy), 18.3 (CHas). HR-ESI-TOF MS: [GeH1oNOg "

calcd.: m/z = 344.1105; found: m/z = 344.1102; @B ppm.

General procedure for the synthesis of copolymers (RMA-co-FMA- co-MIMA)
(P1to P7)

CuBr (2 eq.), HMTETA (2 eq.), RMA, FMA, the maleidd monomer (MIMA 1,
MIMA 2 or MIMA 3) and toluene or DMF (foP1, P2 andP4) (2 mL) were added to a
vial containing a stirring bar. The polymerizatias initiated by adding EB (1 eg. or

2 eg.) and was carried out at 70 °C or room tentpexgfor P1, P2 and P4) under a
nitrogen atmosphere. The reaction was stopped atie#t h. The polymer was purified
by passing the solution through an alumina columremove the catalyst, precipitation
in ice-cold diethylether on-hexane and drying in an IR Dancer (Hettlab) atnroo
temperature. Also later purification by preparatvee exclusion chromatography using
a Biobead8 S-X1 column was performed f®4 to P7. Parts of the polymer samples
were analyzed by size exclusion chromatography |SBG@etermine the molar mass

and molar mass distribution.

3.  Results and Discussion

3.1 Synthesis of the Maleimide Methacrylates (MIMA 1 toMIMA 3)

The synthesis of the new maleimide methacrylateanmrs (MIMA 1, MIMA 2 and
MIMA 3) is depicted inScheme 1 The first step is a Diels-Alder reaction between
furan and maleimide as described by Kotteritzstchl [20]. Subsequently, compouid

was reactedia an amine insertion with different amino alcohdike last reaction step

10



was the esterification of the compoun2go 4 with methacryloyl chloride to yield
MIMA 1, MIMA 2 and MIMA 3. The characterization dhe monomers was performed

via 'H NMR and**C NMR spectroscopy as well as by elemental analysis

3.2  Synthesis and Characterization of the Copolymers

The reversible crosslinkable terpolymers, bearingthbfurfuryl and maleimide
functionalities with different linkers, were prepdrby a copolymerization of different
polar and nonpolar methacrylates (RMA), respedgfivelith furfuryl methacrylate
(FMA) and MIMA 1, MIMA 2 or MIMA 3 (Scheme 2. The atom transfer radical
polymerization (ATRP) procedure was applied usitigyle2-bromoisobutyrate (EB)

as initiator, CuBr as catalyst and 1,1,4,7,10,1Xaheethyltriethylene-tetramine
(HMTETA) as ligand at a temperature of 70 °C inutsie as solvent or at room
temperature in DMF, respectively. The reaction d¢maks for the terpolymers with the
polar co-monomersP({, P2 and P4) were varied due to the better solubility in polar
solvents [33,34]. But it was also possible to sgsihe a terpolymer with DMEAMA
with toluene as solvent at a temperature of 70 P§).(A co-monomer to functional
monomer ratio of 8:1:1 was used, following our poeg work as the best ratio to
obtain optimal self-healing properties [20]. Sedeciproperties of the polymers with
different maleimide methacrylate monomers, polad amonpolar co-monomers, the
reaction conditions and the calculations of the anomasses and molar mass
distributions, obtained from SEC measurementslisiel inTable 1

'H NMR spectroscopy was utilized for the structwhhracterization of the RMA&e-
FMA-co-MIMA 1, MIMA 2 or MIMA 3 copolymers. Figure 1 shows the'H NMR
spectra ofP6 and P7, respectively. The signals from the saturated qmet(-CH

and -CH) of the methacrylate backbone are correlated ¢osfgnals 0.4 to 2.1 ppm.

11



Additionally, the signals of the aromatic protorigtee furfuryl groups are assignable to
the signals 7.4 and 6.4 ppm. The signals correspgrd the protecting furan groups of
the maleimide functionalities are visible at 6.@1 &3 ppm, respectively. Additionally,

further signals at 3.0 ppm could also be assigag¢tdda maleimide group. Moreover, the
signal at 3.9 ppm belongs to the methylene grofipiseoco-monomers. The signals “4”,
“6” and “9” have been utilized to determine the gquosition of the polymers. The

different monomer ratios of the copolymers and ttieoretical crosslinking densities

are summarized imable 2

3.3  Thermal Properties of the Copolymers

The potential of the self-healing abilities of tbepolymersP1 to P7 was investigated
by DSC measurements. The presence of specificiticarss during the heating and
cooling cycles represents an important precondittorthe suitability of the polymers
of self-healing applications. In the first heatiogyve a large endothermic peak should
be visible, assignable to the energy which is neglfor the retro-Diels-Alder reaction
and the subsequent evaporation of the maleimidéegtiog group i(e. furan). This
behavior could be observed by using a simultangbesmal analysis (STA) of the
copolymerP7* of the previous work [20], were the mass losshaf furan is visible
between 120 to 160 °C and the corresponding MStispslcows two additional peaks at
39 and 68 m/z at a temperature of 151 °C correspgntb the evaporating furan
molecules Figure 2) [35]. The lower mass signals belong to the bamkgd
measurement.

Moreover, the glass transition temperaturég 60f the protected and, therefore, non-
crosslinked copolymers should be observed. Thef the polymer will also have an

influence on the mechanical film properties of tesulting polymer film. In the non-

12



crosslinked state and, therefore, also during #iehealing process, a lowdiy will
result in softer films compared to a high monomer, which is beneficial for the self-
healing. However, the crosslinking will lead to dr polymer films. A co-monomer
with a low Ty still results in crosslinked films which featureeamanical properties
comparable to non-crosslinked PMM20,21].Most significant in the second heating
curve is the presence of the endothermic peak efreétro-Diels-Alder reaction, even
though the area below the curve will be smallecabise the energy of the evaporation
of the furan is missing and only the energy of tie¢ro-Diels-Alder reaction is
observable. It was anticipated that the polar sumdang of the functional groups could
influence the kpa Nevertheless, the appearance of this peak in tbendeheating
curve represents also an important preconditiontiier self-healing properties of the
copolymers. These properties depend on the stalatomposition of the copolymer,
like the co-monomer and the linker of the maleimidehey influence the
flexibility/mobility of the chain and the glass trsition temperature. The summary of
the DSC results of the copolymers is listed able 3.

The DSC measurements of copolyrfdrreveal in the first heating curve a usuabd
between 120 to 180 °C, only in the second heaturgecthe kpa already started at
100 °C. TheTy of copolymerP1 is slightly lower than in HEMA homopolymers due to
the flexible furan and the maleimide monomers [3&)r P2 no change of the rRba
could be observed. Also in caseR8 andP4 with MIMA 2 no significant decrease of
the Trpa could be detected. Only tig of the DMAEMA copolymer is low comparable
to the BMA copolymer. This effect should be benefifor the self-healing abilities of
the copolymer. Thd&y of DMAEMA homopolymers is around 4 °C and for thiMB
homopolymers around 17 °C [37,38]. The same trendksible for the materialB5 and

P6 with BMA and DMAEMA and the MIMA 3 with the oxygecontaining linker. Also

13



in this case the Rba is not significantly decreased (only 10 °C for BMA copolymer
P5). The glass transition temperature is also lowerctipolymerP5 compared td?3.
This behavior is caused by the oxygen-containingeli of the maleimide. Copolymer
P3 revealed the same glass transition temperatu@jpglymerP5*, in spite of the
longer linker; only copolymeP5 with the oxygen-containing linker showed a lowWgr
However, the temperature of the retro-Diels-Aldeaation for copolymerB3 to P6 is
slightly decreased compared to copolymér. CopolymerP7 with the DEGMA as co-
monomer has the lowest glass transition temperatur&0 °C, but also in that case the
Troa could not be decreased significantly (only 5 °@do than the usually observed
temperature between 120 to 180 °C). An interediimdjng is the presence of a glass
transition temperature in the second heating ctoveopolymersP5 to P7. In the case
of copolymerP5 and P6 the Ty in the second heating curve is higher due to the
crosslinking; but this is not the case for copolymB. Nevertheless, the glass transition
temperatures of the copolyméd?4 to P6 are not lower as thg, of P7*, which revealed
the best self-healing properties in the earlierligshbd work [20]; only copolymeP7
has a comparable glass transition temperature. tAksdrpa Of the new copolymers are
comparable to the rRba of copolymerP7*, only P3, P5 and P7 showed a slightly
decreased dpa in the second heating curve. The DSC traces fpolgmerP5 are also
depicted inFigure 3. In the second heating curve there are also takeisible for the
retro-Diels-Alder reaction, because the retro-Disider reaction for the endo-product
occurs at lower temperatures than for the exo-mpdiue to the fact that the endo-
product is the kinetically and the exo-product thermodynamically preferred state
[39].

In the TGA measurements of the copolymers the nosssof the maleimide protecting

group (furan) is observable. By usifig NMR spectroscopy the theoretical mass loss

14



was estimated from the calculated monomer ratiog.able 3 the comparison of the
temperature of the evaporation with the theoretaradl the measured mass loss are
listed. The temperatures of the mass loss are @netpected range between 120 to
180 °C. Only for copolymeP1 the deprotection occureat lower temperatureS.he
theoretical and the calculated mass losses carelaty well, only copolymeiP1l
revealed larger differences, which are presumabgytd degradation processes, which

take place at higher temperatures.

3.4  Self-healing studies of the Copolymers

Due to the used co-monomers resulting in very Aighnd Trpa Values no self-healing
studies were performed witRl and P2. The study of the self-healing properties of
copolymersP3 to P7 was performed by using a microscope with a canfera
visualization, because with this setup also reaétself-healing measurements of large
scratches could be visualized. CopolymieéssandP5 with the BMA co-monomer and
the MIMA 2 and 3 with the longer linker showed goself-healing properties. The
surface is not as smooth as obtained in the prsljiquublished work with the LMA co-
monomer [20], but an acceptable film quality colde obtained. The self-healing
studies of copolymdr3 is depicted irFigure 4. The scratch in a millimeter range could
be healed completely at 140 °C after 3 min and atshilO °C after 3 h the scratch was
nearly healedCopolymer P3 shows improved self-healing properties compared to
copolymerP5*, because in the previous case only scratcheseim#imometer range
could be healed using higher temperatures of 178ft& 2 h [20]. The materials have
also slightly better self-healing properties conggato copolymeiP7* (20 °C lower
healing temperature). CopolymeP4 showed no self-healing behavior in the

investigated temperature range because the copolmae too stiff with many defects

15



of the film due to the furan evaporation after stiwking and, therefore, no reflow of
the damaged parts was possible, despite of thglasg transition temperature.

The self-healing studies of copolynm®s is depicted irFigure 5. The scratch could be
healed completely at 140 °C after 5 min and als80atC after 48 h the scratch was
nearly gone. CopolymeP6 showed also self-healing behavior at temperatabese
120 °C in a timescale of 5 min, but the surfacéhefcoating was not as smooth as the
surface ofP5. CopolymersP5 and P6 revealed also better self-healing properties
compared to copolymd?5* with regard to the size of the healed scratchthedower
healing temperatures, also in comparison to copehf7* in respect to the lower self-
healing temperature.

The self-healing studies of copolymB# is depicted inFigure 5. Compared to the
previous copolymerP7 was annealed after deprotection of the maleimdeumr
overnight at 40 °C to improve the crosslinking dgnand for hardening of the film.
The longer hardening times for oxygen-containingtesyy were also observed by Mayo
et al.[32]. They pointed out that their oxygen-containing linkequires more time for
the subsequent crosslinking compared to the atiglic as well as aryl linker and also
reveals excellent film-forming characteristics. Theface of the copolymd?7 is also
as smooth as obtained by copolyn®at*. As showed irFigure 6 the smaller scratch
could be healed completely at 100 °C after 2 h thiedlarger ones after 4 h. Also at
lower temperatures of 80 °C the scratch could baleldeafter 24 h partially. The
copolymerP7 has the best film-forming and self-healing projsriof all synthesized
polymers. Additionally,P7 features also a lower healing temperature thamlgoyper

P7* due to the higher flexibility of the linker unit combination with the DEGMA.
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4. Conclusion

The synthesis of new terpolymers with MIMA 1, MIMA and MIMA 3 with three
different linkers and FMA as functional units foiel¥-Alder reactions and different
polar and nonpolar co-monomers could be accompulisiies polar co-monomers
hydroxyethyl methacrylate (HEMA), dimethylaminoethyethacrylate (DMAEMA)
and 2-(hydroxyethoxy)ethyl methacrylate (DEGMA) aad nonpolar co-monomers
butyl methacrylate (BMA) were utilized. The polymmerere preparedia ATRP with
CuBr as catalyst, HMTETA as ligand and iBBas initiator at 70 °C in toluene or at
room temperature in DMF. Furthermore, the charatgon was carried out usirii
NMR spectroscopy, SEC, TGA and DSC measurements séli-healing properties of
the copolymers were studied using a microscope aitlamera for real-time analyses.
CopolymersP3 andP5 with BMA and the MIMA 2 and 3 with the longer alkghain
and the oxygen-containing linker revealed supesalf-healing behavior compared to
the previously described “all-in-one” syste®7*. These materials were able to
completely heal scratches on the millimeter rangel4D °C. CopolymeP7 with
DEGMA and the oxygen-containing linker reveals biest self-healing performance of
all synthesized polymers. A low healing temperatfrd 00 °C could be achieved by
the introduction of the linker unit featuring a heg flexibility in combination with
DEGMA. In contrast to other examples described,apato-monomers did not
significantly influence the temperature of the oeiels-Alder reaction in these
polymeric systems. Nevertheless, the required mgaémperature could be decreased
significantly compared to copolymd?7*. In summary, an alternative for the one-
component self-healing system of the previouslylishbd work could be developed
with shorter side chains (BMA) and a polar sideich®@ EGMA) combined with a

longer as well as an oxygen-containing linker toe MIMA. In contrast to the rather
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small influence of the nature of the co-monomerl¢ag as it features a loW) the
nature of the linker unit revealed a significanfiuance on the resulting properties

enabling an enhancement of the self-healing prigsert
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Scheme and Figure Captions:

Scheme 1:Schematic representation of the synthesis of theimide methacrylate
monomers (MIMA 1, MIMA 2 and MIMA 3).

Scheme 2:Schematic representation of the copolymerizatibrdifierent polar and
nonpolar methacrylates (RMA), FMA and MIMA 1, MIMAand MIMA 3 by ATRP.

Figure 1: *H NMR spectra oP6 (left) andP7 (right) (in CDCB).

Figure 2: STA measurement of copolym@&7*. TGA (left), MS spectra at 29 and
151 °C (right).

Figure 3: DSC analysis of copolymé&ts.

Figure 4: Self-healing experiment of copolymeP3 using a microscope for

visualization. a) to c) Healing experiments at @) a) scratch before annealing, b)
scratch after annealing for 1 min and c) scratt¢érainnealing for 3 min and d) to f)
healing experiments at 110 °C, d) scratch beforeealing, e) scratch after annealing

for 30 min and f) scratch after annealing for 3 h.

Figure 5: Self-healing experiment of copolymeP5 using a microscope for

visualization. a) to c) Healing experiments at @) a) scratch before annealing, b)
scratch after annealing for 2 min and c) scratt¢érainnealing for 5 min and d) to f)
healing experiments at 80 °C, d) scratch beforesalnmy, e) scratch after annealing for

2 h and f) scratch after annealing for 48 h.

Figure 6: Self-healing experiment of copolymeP7 using a microscope for
visualization. a) to d) Healing experiments at 2@) a) scratch before annealing, b)
scratch after annealing for 1 h, c) scratch aftemealing for 2 h, d) scratch after

annealing for 4 h and e) to f) healing experimexit80 °C, e) scratch before annealing,
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f) scratch after annealing for 24 h. Pretreatméminealing at 130 °C for 3 h and at
40 °C overnight.
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Tables:

Table 1: Comparison of the different maleimide methacr@athe co-monomers and

the reaction conditions of the copolymers, the tbigcal molar mass and the molar

mass and molar mass distributions of the copolymaasured by SEC.

Polymer MIMA  Co-monomer Reaction Mp M, (SECY®  PDI
conditions  (theo) [g/mol] (SEC)
[g/mol]
Pl MIMA 1 HEMA DMF, 3,710 12,090 1.48
r. t.
P2 MIMA1l DMAEMA DMF, 8,510 9,860 1.69
r. t.
P3 MIMA 2 BMA toluene, 8,190 4,910 1.33
70 °C
P4 MIMA2  DMAEMA DMF, 8,790 7,490 1.69
r. t.
P5 MIMA 3 BMA toluene, 4,060 4,330 1.36
70 °C
P6 MIMA3  DMAEMA toluene, 4,360 4,440 1.33
70 °C
P7 MIMA 3 DEGMA toluene, 4,980 3,100 141
70 °C

4 (SEC conditions: DMAc with 2.1 g/L LiCl as solvel®MMA as standard for the

calibration)
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Table 2: Comparison of the theoretical and calculated ratiothe co-monomers and

the theoretical crosslinking density.

Polymer Ratio of the co- Theoretica®  Calculated®  Crosslinking
monomers densitynes”
[%]
P1 HEMA:FMA 8:1 7:1 23
HEMA:MIMA 1 8:1 5:1
P2 DMAEMA:FMA 8:1 6:1 26
DMAEMA:MIMA 1 8:1 7:1
P3 BMA:FMA 8:1 6:1 30
BMA:MIMA 2 8:1 7:1
P4 DMAEMA:FMA 8:1 5:1 15
DMAEMA:MIMA 2 8:1 11:1
P5 BMA:FMA 8:1 8:1 25
BMA:MIMA 3 8:1 9:1
P6 DMAEMA:FMA 8:1 7:1 22
DMAEMA:MIMA 3 8:1 9:1
P7 DEGMA:FMA 8:1 6:1 11
DEGMA:MIMA 3 8:1 14:1

3 The theoretical and calculated molar ratios.

®) The crosslinking density is calculated by weight.
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Table 3: Comparison of the glass transition temperatuligs dnd the temperature of

the retro-Diels-Alder reaction gba) of the copolymers measured by DSC as well as

the temperature of evaporation of the protectirygr(Tevap and the theoretical as well

as the calculated ratios of the co-monomers oldanyelT GA.

Polymer DSC measurements TGA measurements
Heating Ty [°C] Troa [°C] Tevap [°C]  mass  mass
curve l0SSheo  10SSxp
[%0] [%]

P1 1" 80 120 to 180 100 to 180 5 19
2" - 100 to 180

P2 1" 50 125t0 170 130 to 160 7 6
2" - 120 to 170

P3 1° 50 125t0 180 120 to 180 5 6
2" - 115 to 180

P4 1° 25 125t0 180 120 to 160 5 4
2" - 120 to 180

P5 1° 40 120t0 180 135t0 170 4 4
2" 60 110 to 180

P6 1" 35 120t0 180 130 to 180 4 4
2" 40 120 to 180

P7 1° -10 120to 180 125to 175 4 3
2" -10 115 to 160

p5*?) 1° 50 140to 180 140 to 180 5 6
2" - 140 to 180

p7*? 1" -16 120t0 180 132 to 163 4 4
2" - 120 to 190

4 polymers of the previous publication [26% represents P(BMAo-FMA-co-MIMA
1) andP7* represents P(LMAso-FMA-co-MIMA 1) with 20 mol-% functionality.
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