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Induction heating induced self-healing of
nanocomposites based on surface-functionalized
cationic iron oxide particles and polyelectrolytes+

Bastian Oberhausen and Guido Kickelbick @ *

Supramolecular interactions represent versatile, reversible, and intrinsic mechanisms for bond formation
after the failure of materials. lonic interactions excel through high flexibility and binding strength. In this
study, ionic interactions between polymer matrices and inorganic nanoparticles were used to induce
self-healing properties. Random, anionic polyelectrolyte copolymers consisting of di(ethylene glycol)
methyl ether methacrylate and sodium-4-(methacryloyloxy)butan-1-sulfonate were synthesized by atom
polymerization. Differential scanning calorimetry measurements confirmed the
adjustability of the glass transition temperature via the polymer composition. Within the glass transition
temperature window of the homopolymers from —23 °C to 126 °C, the range between —18 °C to 50 °C

transfer radical

was examined, generating suitable matrices for self-healing. Superparamagnetic iron oxide nanoparticles
with a size of 8 nm were synthesized by thermal decomposition of iron(in) acetylacetonate and used as
the inorganic filler. Positive surface charges were introduced by functionalization with N,N,N-trimethyl-
6-phosphonhexan-1-aminium bromide. Functionalization was confirmed with FTIR, TGA, and zeta
potential measurements. lonic interactions between filler and polymer promote a uniform particle
dispersion within the material. Self-healing experiments were performed at 80 °C and without the
addition of further healing agents. Utilizing the magnetic properties induced by the iron oxide
nanoparticles, spatially resolved healing within an alternating magnetic field was achieved on a um scale.

Introduction

Inspired by numerous biological models, the long-term reli-
ability of self-healing materials has made their investigation
a rapidly growing field of research. Self-healing mechanisms
represent a potential solution to enhance the lifetimes of
materials. The chemical design of intrinsic self-healing mate-
rials allows the optimization of healing rates whilst retaining
the desired material properties." Whereas this concept is well-
known for polymeric systems, pure inorganic materials lack
potential healing mechanisms, or require high energy input to
work due to the bonding situation in inorganic solids.>* In
polymeric systems the reversible bond formation via Diels—
Alder chemistry (DA) and supramolecular interactions, such as
hydrogen bonding and electrostatic interactions, as well as
metal-ligand interactions are regularly used healing mecha-
nisms.*” However, many of the polymeric materials lack
mechanical stability due to the necessary high backbone flexi-
bility realized by low T, materials. Inorganic-organic nano-
composites reveal property improvements particularly in their
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mechanical and thermal stability compared to conventional
materials.>*'> For these materials lifetime improvements are
possible by the introduction of self-healing properties. Self-
healing ability can be induced by hydrogen bonds and hydro-
phobic interactions, allowing high healing efficiencies in short
times and ambient conditions.*® Other healing mechanisms are
based on reversible bond formation, for example in DA reac-
tions or the reversible formation of disulfide-, imine- and bor-
onate ester bonds.** "¢ Especially for soft materials like gels and
elastomers, the incorporation of inorganic nanofillers helps to
overcome their often low mechanical and thermal stability
making brought application areas accessible.’”** In some cases
the nanofillers not only act as components to improve the
mechanical or thermal properties, but also deliver additional
functions. As an example, CNTs have been used as nanoscale
heaters due to their ability of near-IR induced heating and high
thermal conductivity to promote self-healing properties.*®

In our group several self-healing nanocomposites were
already studied, for example based on surface-functionalized
silica particles embedded in acrylate and siloxane polymers.*
In these previous experiments we were able to show that the
self-healing efficiency depends on the backbone mobility and
flexibility and the degrees of freedom of the functional groups
on the nanoparticle surface.”*** We also systematically studied
variations in the composition of such materials to gain a deeper
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understanding of the limiting parameters for the reaction of
furan and maleimide modified SiO, particles with their
respective counterparts.” Additionally, we investigated orga-
nophosphonate modified iron oxide particles as building blocks
for self-healing nanocomposites based on DA/rDA (retro Diels—
Alder) reactions, triggered by conventional heating.”® Recently
we were able to increase the healing capacity of octahedral
spherosilicates containing nanocomposites applying two
different healing mechanisms in one material.*

Electrostatic interactions can also be applied as a healing
mechanism. In polymer chemistry such systems were already
extensively studied. However, there are only a few examples
covering this type of interaction in self-healing nano-
composites. Zhong et al. used iron(m) as an ionic crosslinker
between polymer strands consisting of vinyl hybrid silica
nanoparticles (VSNPs) covalently bound to a poly(acrylic acid)
network. The obtained hydrogel exhibits high tensile strength
(860 kPa) and the ability to self-repair in the um length scale.**
Odent et al.*® applied an imidazolium based cationic polymer as
a matrix. Negatively charged TiO, particles were synthesized by
functionalization with 3-(trihydroxysilyl)-1-propane sulfonate at
70 °C under basic conditions (pH = 5). Compared to the pristine
polymer, significant improvements in toughness and strain at
break are reported for this nanocomposite, with a maximal
stability at 20 wt% particle loading. With a T, of —55 °C, this
material already has a high ductility at room temperature and is
therefore limited in its application to areas where low Young's
moduli are required, although it has good self-healing and
shape memory properties. While alkoxysilanes show some
drawbacks in surface modification, phosphonic acids are
a promising alternative for stable ionic organic group attach-
ment to transition metal oxide surfaces.>®

Nanocomposites based on iron oxide are attractive materials
because of their thermal stability and increase in tensile
strength.”” In addition to other nano building blocks, iron oxide
nanoparticles offer a distinct advantage in that they can induce
magnetism into the material. Important in terms of magnetic
properties are composition, size, morphology, and surface
functionalization.”®>* Superparamagnetism is limited to
magnetite particles at the nanoscale, particularly below 25 nm.**
This introduction of superparamagnetic properties, potentially
offers the opportunity for spatially resolved healing with an
alternating magnetic field (AMF). The nanoparticles respond
with a physical particle rotation (Brownian relaxation) and/or an
internal dipole inversion (Néel relaxation), dependent on
particle size, magneto crystalline anisotropy and matrix
viscosity.”® Both mechanisms are associated with an increase in
temperature, which triggers the self-healing process. Corten
and Urban were the first to take advantage of the heating of iron
oxide nanoparticles in an alternating magnetic field to trigger
self-healing of a methyl methacrylate based polymer.** Since
then the approach was carried over to other polymer systems,
including styrene, ethylene-vinyl acetate and propylene-
ethylene-1-butene.***” Hohlbein et al. have also shown that the
heat generated in the alternating magnetic field accelerates
supramolecular healing mechanisms, in this case based on
complex formation.*® The same effect could also be observed
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with hydrogen bridge-based healing systems made from
gelatin/agarose hydrogels.*® In addition, the incorporation can
induce DC electrical conductivity by forming conductive path-
ways throughout the polymer that enable charge transfer
between two electrodes. Furthermore, the nanocomposites can
be used as light-shielding coating materials due to their high
specific absorption rate.*’

In this study, we expand the AMF improved self-healing
concept for nanocomposites to ionic interactions. In contrast
to previous work the supramolecular interactions responsible
for self-healing occur between the particles and the polymer
matrix. We synthesized di(ethylene glycol) methyl ether meth-
acrylate based polymers (DEGMA) with anionic functionalities
via atom transfer radical polymerization (ATRP). Surface-
functionalized superparamagnetic iron oxide nanoparticles
with diameters smaller than 10 nm were used as inorganic nano
building blocks. Surface-functionalization was achieved with
cationic phosphonic acid derivatives. The resulting self-healing
nanocomposites feature ionic interactions between the inor-
ganic nanoparticles and the organic matrix providing an as
homogeneous as possible distribution of the particles in the
polymer. Self-healing experiments showed the ability to repair
scratches in the pm scale.

Experimental section
Materials & methods

Fe(acac); (97%), benzyl ether (98%), 1,2-dodecandiol (90%),
oleic acid (=99%), oleyl amine (70%), CuBr, (99%), di(ethylene
glycol) methyl ether methacrylate (95%), 1,6-dibromhexane
(96%), triethyl phosphite (98%), trimethylamine solution in
ethanol (31-35%) and bromotrimethylsilane (97%) were
purchased from Sigma-Aldrich. Methacrylic acid (=99%) was
obtained from Merck. Aluminium oxide 90 active neutral (70-
230 mesh ASTM) was received from Merck Millipore. 2,2'-
Bipyridine (>99%) was purchased from TCI Chemicals Ger-
many. Ethyl 2-bromoisobutyrate = EBiB (98%) and hydrazine
monohydrate (98%) were obtained from Alfa Aesar. Sodium
bicarbonate (>99%) was received from Fluka. Hydrochloric acid
(37%) was purchased from Bernd Kraft GmbH. Dry dichloro-
methane (99,8%) and methanol (99,8%) were purchased from
Acros Organics. Pre-wetted cellulose regenerated tubing
membranes with a 3500 D MWCO were purchased from Fisher
Scientific. CuBr was synthesized by reduction of CuBr, with
equimolar amounts of NaSO; in distilled water at room
temperature. The precipitating colorless solid was stirred for
30 min in glacial acetic acid and then washed with methanol
(x3) and diethyl ether (x3). The obtained solid was dried under
vacuum and stored under argon atmosphere. The hydroqui-
none monomethyl ether stabilizer of DEGMA was removed by
passing it through active neutral alumina prior to use. All other
chemicals were used without further purification.

Characterization

Fourier transform infrared (FTIR) spectra were recorded with
a Bruker Vertex 70 spectrometer under ambient air (16 scans at

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a resolution of 4 cm™?) in attenuated total reflectance (ATR) mode.
Differential scanning calorimetry (DSC) measurements were per-
formed using a Netzsch DSC 204 F1 Phoenix. Samples were
prepared in aluminum crucibles with pierced lids and heated under
nitrogen at a rate of 5 K min~", 10 K min~" or 20 K min~". Solution
NMR spectra were recorded with a Bruker Advance III HD 300/400
spectrometer at 25 °C (*H at 300/400 MHz, **C at 75/101 MHz, *'P at
121/162 MHz) using CDCl;, D,0 and the residual protons of solvent
and carbon as reference. Elemental analysis was performed with
a Leco 900 CHN analyzer. A Netzsch Iris TG 209C was used for
thermogravimetric analysis (TGA). Measurements were conducted
in aluminum oxide crucibles heating from room temperature to
880 °C under nitrogen atmosphere, followed by heating to 1000 °C
under a mixture of nitrogen and oxygen (4 : 1) with a rate of 10
K min~". TGA and CHN results were used to determine the molar
amount of coupling molecules per gram of particles. Transmission
electron micrographs were measured with a JEOL JEM-2010 with
200 kv used for electron acceleration. Samples were prepared on
Plano S160-3 carbon coated copper grids.

Powder X-ray diffraction (PXRD) patterns were recorded with
a Bruker D8 Advance diffractometer (Bruker, Karlsruhe, Germany)
in a Bragg-Brentano §-f-geometry (goniometer radius 280 mm). A
26 range from 7 to 120° (step size 0.013°) was recorded in 1 h scan
time. Cu-K,, radiation (A = 154.0596 pm, 40 kV, 40 mA) was used
with a 12 pm Ni foil to reduce Kg radiation. A variable divergence
slit was mounted at the primary beam side (irradiated sample area:
10 x 7 mm). A LYNXEYE 1D detector was used at the secondary
beam side. Background caused by white radiation and sample
fluorescence was reduced by limiting the energy range of the
detection. Interpretation of the XRD data was performed via Riet-
veld analysis using TOPAS 5. Crystallographic structure and micro-
structure were refined, while instrumental line broadening was
included in a fundamental parameters approach. The mean crys-
tallite size (L) was calculated at the mean volume weighted column
height derived from the integral breadth. The background of
standard measurements was fitted by a Chebyshev polynomial
function of 15™ degree.

Zeta potential measurements were performed with a Zeta-
sizer Nano ZSP (Malvern Panalytical, Ntirnberg Germany). For
the measurement, the solid particle sample was dispersed in
deionized water under ultra-sonication for 15 minutes. Sample
concentration was ~0.05 wt%. Titration was performed from
the initial pH, once to basic and once to acidic conditions. At
every pH value three measure points were taken each consisting
of 20 separate measurements.

Dynamic light scattering (DLS) studies were performed on an
ALV/CGS-3 compact goniometer system with an ALV/LSE-5003
correlator at a 90° goniometer angle, using noninvasive back-
scattering (A = 632.8 nm). Samples from reaction solution were
diluted, homogenized in an ultrasound bath, and equilibrated
for about five minutes before measurement.

Microscope images were recorded under polarized light
using an Olympus BX60 microscope equipped with a Sony CCD-
Iris color camera.

To generate the external alternating magnetic fields either an
high frequency generator 1997 1G 5/3000 or a TruHeat HF 5010,
both from TRUMPF Hiittinger Elektronik GmbH + Co. KG
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(Freiburg, Germany) were used. Measurements were carried out
with a 3-winded copper coil (d = 50 mm) with water cooling at
a constant frequency of 1.95 MHz up to 3000 W generator power
for the first system. For the TruHeat system a 5-winded copper
coil (d = 40 mm) with water cooling was used. Measurements
were performed at a constant frequency of 313 kHz and
a generator power up to 5000 W. Temperatures in the high
frequency oven were measured with a Fotemp1 from Optocon
(Dresden Germany) with a TS2 fiber optic temperature sensor.
For temperature measurements the samples are pricked with
a needle. The tip of the sensor is placed into the resulting hole
and the polymer is pressed together at slightly elevated
temperature to assure best possible contact. The whole sample
is placed into the induction coil.

Syntheses

FTIR, 'H and '*C NMR spectra of the literature known
compounds, as well as the IR spectra of the synthesized copol-
ymers and composites are shown in the ESI (Fig. S1-S177).

Synthesis of the -cationic organophosphorus coupling
molecule. Synthesis was carried out according to literature
procedure with minor modifications.>*

Diethyl(6-bromohexyl) phosphonate. 4.40 g (100 mmol) of 1,6-
dibromohexane were heated to 150 °C. 16.60 g (100 mmol) of
triethyl phosphite were added dropwise within one hour. The
reaction mixture was kept at 150 °C for further 5 h. After cooling
to room temperature, the volatile side products were removed
applying a rotational evaporator. The crude product was frac-
tionally distilled at reduced pressure (Bptyos mpar: 123 °C).
Yield: 19.97 g, 66 mmol, 66%, colorless oil.

'H NMR 6§ (CDCl;): 3.99-4.12 (4H, O-CH,-CHj), 3.34-3.43
(2H, CH,-Br), 1.34-1.92 (10H, CH,), 1.24-1.33 (6H, O-CH,-
CH;) ppm. *C NMR 6 (CDCl;): 61.25 d (O-CHy,), 33.60 (CH,~Br),
32.28 (CH,-CH,), 29.50 d, 27.47, 25.41 d (CH,-P), 22.13 (CH,-
CH,), 32.68 (O-CH,~CHj;) ppm. *'P NMR ¢ (CDCl;): 32.14 ppm.
FTIR: 2982 (v,s C-H,), 2933 (vs C-H,), 2864 (vs C-H,), 1439 (6 C-
H,), 1394, 1242 (v P=0), 1167, 1101, 1024, 955 (v P-OH), 787
644 cm .

6-(Diethoxyphosphoryl)-N,N,N-trimethylhexan-1-aminium
bromide. 4.20 g (14 mmol) of diethyl-(6-bromohexyl)phospho-
nate and 10 mL (42 mmol) of trimethylamine (33% in ethanol)
were stirred for 24 h at room temperature. The crude product
was filtered, and the filtrate was freed from the solvent with
a rotary evaporator. Yield: 3.82 g, 11 mmol, 76%, white solid.

'H NMR 6 (CDCl;) = 4.00-4.12 m (4H, O-CH,-CHj3), 3.59-
3.71 m (2H, CH,-Br), 3.45 s (9H, CH;), 1.36-1.82 m (10H, CH,),
1.27-1.33 t (6H, O-CH,) ppm. *C NMR 6 (CDCl,): 66.61 (N-
CH3), 61.45 d (O-CH,), 53.32 (N-CHj,), 29.84 d (CH,-P), 25.61,
25.27 d (CH,P), 22.84, 22.14 (CH,-CH,), 16.43 (O-CH,-
CH;) ppm. *"P NMR 6 (CDCl;): 32.14 ppm. FTIR: 2983 (v,s C-
H,), 2941 (v, C-H,), 2858 (v, C-H,), 1488, 1394 (6 C-H,), 1389,
1246 (v P=0), 1163, 1095, 1026, 953 (v P-OH), 792, 521 cm .

N,N,N-Trimethyl-6-phosphonhexan-1-aminium bromide. 2.35 g
(6 mmol) of 6-(diethoxyphosphoryl)-N,N,N-trimethylhexane-1-
ammonium bromide were dissolved in 10 mL dry dichloro-
methane at room temperature under argon atmosphere. 1.5 mL

Nanoscale Adv, 2021, 3, 5589-5604 | 5591


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00417d

Open Access Article. Published on 05 August 2021. Downloaded on 2/9/2026 7:30:40 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

(12 mmol) of bromotrimethylsilane were added dropwise over
an hour. The mixture was stirred at room temperature for
further 24 h until the conversion to the silyl ester was completed
(studied by 'H NMR spectroscopy). The solvent was then
removed applying a rotary evaporator. Subsequently 10 mL of
a methanol : water mixture (3:2, v/v) were added and the
solution was stirred for another for 24 h. Methanol was removed
with a rotary evaporator and the product was dried in vacuo. The
resulting solid was recrystallized from 2-propanol. Yield: 1.60 g,
5 mmol, 88%, white solid.

'H NMR 6 (D,0) = 3.24-3.31 m (2H, N-CH,), 3.07 s (9H,
N(CHj;)3), 1.28-1.83 m (10H, CH,) ppm. *C NMR 6 (D,0): 66.61
(N-CH,), 52.71 (N-CHj,), 29.13 d (CH,-P), 27.18, 25.84, 24.86,
21.97 (CH,-CH,) ppm. *'P NMR 6 (D,0): 30.04 ppm. FTIR: 2943
(vas C-Hy), 2933 (vys C-H,), 2858 (vs C-H,), 2156, 1637 (H,0)
1481 (6 C-H,), 1217 (v P=0), 1105, 1055 (v C-N), 989, 970, 933 (v
P-OH), 914, 768, 717, 660 cm ‘. CHNpeo (CoH,3BINO;P): C:
35.54; H: 7.62; N: 4.61, CHNy,,: C: 33.90, H: 7,07, N: 4,48.

Synthesis of iron oxide nanoparticles. The nanoparticles
were produced using a modified literature procedure.** The
particles are synthesized by thermal decomposition of
Fe(acac);. Therefore 3.53 g (10 mmol) Fe(acac);, 10.12 g (10
mmol) dodecane diol, 10 mL oleic acid and 10 mL oleyl amine
were dissolved in 100 mL benzyl ether. The reaction mixture was
heated to 200 °C for 30 min, followed by a second heating step at
300 °C for another 30 min. After cooling to room temperature,
the particles were decanted of magnetically and washed several
times with ethanol (4 x 100 mL). The obtained black solid was
then redispersed in 96 mL ethanol for storage. An aliquot of
2 mL was withdrawn, dried under vacuum and weighted to
estimate the concentration and reaction yield (19.0 mg/2 mL
= 912 mg total mass, TGA: 78.04% after N, Segment). Yield:
711 mg, 3 mmol, 92%, black solid.

CHNeyp: C: 9.09, H: 1.71, N: 4.48.

Ligand exchange protocol. For the oleic acid functionalized
nanoparticles, obtained from the thermal decomposition, an
exchange protocol for N,N,N-trimethyl-6-phosphonohexane-1-
ammonium bromide was developed. The amount of coupling
reagent used was optimized. A range from 0.025 to 0.6 mmol per
150 mg nanoparticles was investigated. A solvent ratio of hex-
ane : ethanol (1 : 2, v/v) was chosen to ensure a stable disper-
sion over the entire reaction process. The exchange took place
within 48 h at room temperature. The particles were then dec-
anted magnetically. If necessary, the separation was supported
by adding a small amount of hexane. Excess of phosphonic acid
was removed by washing with an ethanol : hexane mixture (v/v
=1:1,3 x 10 mL).

FTIR: 3334 (v O-H), 2925 (v,s C-H,), 2852 (vs C-H,), 1637
(C=0), 1481 (6 C-H,), 964 (v P=0), 536 (v Fe-O) cm .

Synthesis of the methacrylate based anionic monomer. The
synthesis was carried out according to Niederhauser*> with
some modifications.

Sodium 4-(methacryloyloxy)butan-1-sulfonate. Sodium methac-
rylate was prepared freshly before synthesis by stirring 10.20 g (119
mmol) methacrylic acid and 9.9 g (118 mmol) sodium bicarbonate
at room temperature. Completion of the reaction was determined
with "H NMR spectroscopy. The obtained white solid was dried
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under vacuum and used without further purification. 3.60 g (33
mmol) sodium methacrylate were dissolved in 35 mL ethanol and
heated to reflux. Subsequently 5.00 g (37 mmol) 1,4-butane sultone
were added dropwise. Heating was continued for 8 h. After cooling
to room temperature, the solvent was removed under vacuum. The
obtained white solid was washed with small amounts of xylene (3x)
and ethanol (3x) and dried under vacuum. Yield: 5.43 g, 22 mmol,
67%, white solid.

"H NMR 6 (D,0) = 6.08 s (1H, =C-H), 5.63-5.67 m (1H, =C-
H), 4.14-4.21 m (2H, O-CH,), 2.88-2.95 m (2H, S-CH,), 1.88 s
(3H, CH3), 1.78-1.82 m (4H, CH,) ppm. *C NMR 4 (D,0): 170.07
(C=0), 136.06 (C=CH,), 126.49 (CH,=C), 64.94 (C-O), 50.50
(C-S), 26.68, 20.88, 17.33 (CH,~CH,, CH;), ppm. FTIR: 3535 (v
C=0), 3493 (v,s C=0), 2956 (vas C-H,), 2931 (v,s C-H;), 2860
(vas C-H3), 1716 (vos C=0), 1630, 1570 (v, C=C), 1450, 1416 (6
C=C), 1348, 1327, 1296, 1165 (v,s C-0), 1049, 906 (6 =CH,),
779 em™'. CHNy,eo (CsH13NaO5S): C: 39.34; H: 5.37, CHNyp: C:
37.24; H: 5.65.

Polymer synthesis

Synthesis of P(DEGMA). The synthesis was carried out via an
ATRP reaction. For this purpose, 3.76 g (20 mmol) of DEGMA
were dissolved in 35 mL of dry toluene. The solution was
degassed with three freeze-pump-thaw cycles. In a second
flask, 12.8 mL of dry methanol were placed and degassed with
three freeze-pump-thaw cycles. 28.69 mg (0.2 mmol) of CuBr
and 62.79 mg (0.4 mmol) of 2,2"-bipyridine were added to the
frozen methanol. Two further vacuum argon cycles were then
carried out. The two solutions were combined and finally 29.35
uL (0.2 mmol) degassed EBiB were added, and the mixture was
stirred at 70 °C, for 24 h. The solid obtained was washed several
times with water, as a result of which the copper complex
contained was separated off. The sample was dried under
vacuum at 50 °C. Yield: 2.95 g, 78%, colorless solid.

'H NMR 6 (CDCl,) = 4.04 s (2H, COOCH,), 3.46-3.67 m (6H,
0-CH,), 3.33 s (3H, O-CHj), 1.70-1.91 m (2H, CH,), 0.73-1.03 m
(3H, CH;) ppm. FTIR: 3463 (vys C=0), 2931 (v4s C-H,), 2873 (Vs
C-Hj3), 1735 (v,s C=0), 1475, 1259, 1101 (v,s C-O), 971, 856,
740 cm ™', CHNjpeo: C: 57.43; H: 8.57, CHN¢yp: C: 55.37; H: 57.43.

Synthesis of the P(sodium-4-(methacryloyloxy)butan-1-sulfo-
nate). The synthesis was carried out under argon atmosphere.
2 g (8.19 mmol) of sodium 4-(methacryloyloxy)butanesulfonate
were dissolved in 14 mL water. The pH was adjusted to 9 with
a 1 M NaOH solution. The solution was degassed with 3 freeze-
pump-thaw cycles. In a second flask, 4.6 mL methanol were also
degassed with 3 freeze-pump-thaw cycles. Then 11.76 mg
(0.082 mmol) of CuBr and 25.77 mg (0.165 mmol) 2,2'-bipyr-
idine were added. The solutions were combined and 12 pL
(0.082 mmol) degassed EBiB were added. The reaction solution
was stirred at 70 °C for 12 h. A solid precipitated out during the
reaction. By adding a further 15 mL water (previously degassed),
the polymer was redissolved and 25.77 mg 2,2-bipyridine as
well as 9 pL hydrazine monohydrate were added. The mixture
was stirred again at 70 °C for 12 h. The product obtained was
dialyzed against water. The copper complex was removed by
dialysis against diluted HCl. The sample was dried under
vacuum at 60 °C. Yield: 1.07 g, 53% pale yellow solid.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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"H NMR 6 (D,0) = 3.99 s (2H, COOCHy), 2.90 s (2H, S-CH,),
1.77 s (6H, CH,), 0.82-1.00 m (3H, CH;) ppm. FTIR: 3449 (v O-
H, water), 2945 (v, C-H,), 2887 (v, C-H;), 1706 (v,s C=0), 1619
(vas S=0), 1475, 1158 (v4; C-0), 1058, 956, 726 cm . CHNyeo:
C: 39.34; H: 5.37, CHN¢yp: C: 39.38; H: 5.49.

Synthesis of the P(DEGMA-co-sodium-4-(methacryloyloxy)butan-
1-sulfonate). Various amounts of sodium 4-(methacryloyloxy)
butan-1-sulfonate (1.02-3.41 mmol) and 1.93 g (10.24 mmol)
DEGMA were dissolved in 18 mL water. The pH was adjusted to
9 with a 1 M NaOH solution. The solution was degassed with 3
freeze-pump-thaw cycles. In a second flask, 6.5 mL methanol
were also degassed with 3 freeze-pump-thaw cycles. Then
14.86 mg (0.102 mmol) CuBr and 32.00 mg (0.205 mmol) 2,2’-
bipyridine were added. The solutions were combined and 15.03
uL degassed EBiB (0.1024 mmol) were added. The reaction
solution was stirred at 70 °C for 12 h. Then 32.00 mg of 2,2’
bipyridine and 23 pL of hydrazine monohydrate were added and
the mixture was heated for a further 12 h. The crude product
obtained was concentrated and dialyzed against water for 3
days. Similar to the homopolymer, the sample was not
completely decolorized, and the copper was removed by dia-
lyzing against diluted HCI. The product was freed from the
solvent. Mean yield 70% (£7%).

'HNMR § (D,0) = 4.13 s (20H, COOCH,/DEGMA), 3.99 s (2H,
COOCH,/anionic), 3.59-3.73 m (66H, CH,-CH,/DEGMA), 3.36 s
(34H, O-CH3), 2.85 s (2H, S-CH,), 1.75-1.99 m (24H, CH,), 0.84-
1.09 m (34H, CH;) ppm. FTIR: 3595 (v,; C=0), 3440 (v,s C=0),
2990 (a5 C-H,), 2934 (v, C-H;), 2871, 2821 (vus C-Hy), 1725 (v4
C=0), 1458, 1402, 1353, 1233, 1099 (v,; C-O), 1043, 952, 861,
741, 601, 530 cm ™ .

Synthesis of the composite materials. 0.5 g of the polymer
were dissolved in 14 mL of a mixture of THF and H,O (v/v,1: 1)
under ultrasonication. The appropriate amount of functional-
ized nanoparticles (2 wt%, 5 wt%, 10 wt% and 20 wt%) is added.
The solvent is slowly removed under stirring.

Polymer and composite films were prepared by compression
molding at 80 °C for 24 h in a Teflon form, which was held using
a vice.

Self-healing experiments were performed by cutting the
samples through half thickness. Afterwards the edges were
gently pressed together at room temperature. Then the samples
are heated to 80 °C for 24 h. Afterwards the samples were put
back into the Teflon molds and heated to 80 °C for another 24 h.
For the self-healing by induction heating the generator power
was adjusted to obtain a macroscopic temperature of 58 °C.
Healing was performed in two segments of 24 h duration.
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Scheme 1 Syntheses of the self-healing nanocomposites.
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FTIR: 3580 (v,s C=0), 3433 (vos C=0), 2998 (v,s C-H,), 2934
(vas C-Hj), 2885, 2821 (v,s C-Hj), 1725 (vos C=0), 1458, 1395,
1353, 1240, 1107 (v, C-0), 1043, 966, 861, 587 (Fe-O-Fe) cm .

Results and discussion

General procedure for the composite synthesis and
investigation of self-healing

The schematic synthetic route for the nanocomposites is shown
in Scheme 1. First oleic acid coated iron oxide nanoparticles
synthesized. N,N,N-Trimethyl-6-phosphonhexan-1-
aminium bromide was used to introduce positive surface
charges. As the counterpart anionic copolymers were synthe-
sized via ATRP and mixed with the functionalized particles. To
check the self-healing ability composite samples were cut and
then cured thermally or with an alternating magnetic field.

were

Synthesis of the cationic phosphonic acid

Organophosphorus molecules bearing functional groups are
ideal molecules for the surface-functionalization of transition
metal oxide systems, due to their strong bonding to the surface,
their high chemical stability and the variety of functions that
can be incorporated in the molecules.”* Goal of this study was
the synthesis of iron oxide nanoparticles with a permanent
cationic or anionic surface functionalization that is only slightly
affected by environmental changes. Therefore, carboxylic acid
or primary amine functions were not good choices because
environmental pH would have a large effect on their proton-
ation causing pH changes to have a large effect on surface
charge. Excellent groups for inducing permanent negative and
positive charges are sulfonate and alkylated ammonium ions,
respectively. Preliminary experiments showed that surface
functionalization with sulfonate group-modified organophos-
phorus molecules can lead to possible interactions of the
anionic function with the iron oxide surface: thus, they act as
bridging agents, leading to extended particle agglomeration.
For our approach, we therefore used coupling agents with
permanent positive charges. We chose organic ammonium ions
due to their high charge stability independent of the chemical
environment. These coupling reagents were synthesized in
a three-step approach (Scheme 2).2°

The molecules used in our study consisted of the phos-
phonic acid group, a C¢-spacer and the cationic functionality.
The Ce-chain was chosen because shorter spacer lengths often
lead to agglomeration during the particle functionalization
process even in the presence of the electrostatic repulsion of

Q

nanocomposite
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Scheme 2 Synthesis route for N,N,N-trimethyl-6-phosphonhexan-1-
aminium bromide.

cationic groups. In addition, the corresponding dibromohex-
ane, which is required as a starting compound in the synthesis,
is unlike the longer-chain derivatives easily available. Synthesis
starts with a Michaelis-Arbuzov reaction, resulting in a w-bro-
mophosphonic acid ester. Cationic functionalities are intro-
duced via a nucleophilic substitution with trimethylamine. In
the last step the phosphonic acid functionality is obtained by
transesterification with bromotrimethylsilane followed by
hydrolysis. CHN analysis as well as NMR and FTIR spectroscopy
confirmed the product formation with an overall yield of 44%.

Particle synthesis and functionalization

Oleic acid (OA)-functionalized iron oxide nanoparticles were
synthesized by the thermal decomposition of a Fe(acac)s
precursor.** X-ray diffraction (XRD) analysis confirmed the
formation of nanoparticles in a cubic spinel structure (space
group: Fd3m). The mean crystallite size was determined with
Rietveld analysis as 6.19 nm (see Fig. 1).

Attachment of the oleic acid groups on the particle surface
was confirmed with IR spectroscopy showing the characteristic
vibrations of COO™ bonded to Fe-O at 1695-1200 cm ™. The
organic content determined by TGA was 25% varying within
a 6% range between different oleic acid functionalized particle
batches. TEM measurements confirmed the formation of
nanoparticles with an approximate diameter of 7 nm, which fits
well with the determined crystallite size from XRD analysis,
verifying a high crystallinity of the particles. The small particle
core size indicates that the particles are superparamagnetic, as

iron oxide nanoparticles in this size range exhibit
a) mean crystallite size: 6.19(9)
Réragg: 0,763

Counts

20 40 60 80
2 Theta [’]

100

View Article Online
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Fig. 2 Stability of the particle dispersions (a) OA@Fe,O, and (b)
0092p@aFe,O, in hexane and (c) %°%2P@Fe,O, and (d) OA@Fe,O, in
hexane : ethanol (1: 2).

superparamagnetic behavior.***® DLS experiments in hexane
revealed a hydrodynamic diameter of 8 nm, which again is in
good agreement with TEM and XRD data. IR, as well as DLS and
TGA results are shown in the ESI (Fig. S18-S20t). An exchange
protocol for the oleic acid molecules on the surface against
N,N,N-trimethyl-6-phosphonohexane-1-ammonium  bromide
was developed. The exchange with the organophosphorus
coupling reagent was optimized to produce the maximum
occupancy for monolayer modification. Since increasing elec-
trostatic repulsion between the cationic groups and thus more
difficult attachment can be expected as modification of the
particle surface progresses, low degrees of functionalization
from 0.025 to 0.6 mmol per 150 mg nanoparticles (samples
%92°p@Fe,0,-"*"°P@Fe,0,) were particularly investigated.
Oleic acid functionalized particles are dispersible in n-hexane,
while the ionically functionalized particles are better dispers-
ible in polar solvents such as ethanol or water. The polarity of
the particles increases significantly with increasing degree of
functionalization. A solvent ratio of hexane : ethanol of 1 : 2 (v/
v) was chosen for the exchange reaction, since this ensures
a stable dispersion over a wide concentration range and the
organophosphorus molecules and oleic acid are soluble in it.
Fig. 2 illustrates the stability of ***’P@Fe,O, and OA@Fe,0,
particle dispersions in different solvents.

FTIR spectroscopy was used to investigate the particle
functionalization (see Fig. 3). All spectra were normalized to the
Fe-O stretching vibration at 536 cm ™. The main characteristic

b) mean crystallite size: 6.3(1)
| Reragg: 0428

i)

C

3

Qo |

o

LN T O A O 1 A A L I B Forn 1]
20 40 60 80 100
2 Theta []

Fig. 1 Rietveld refinements of the (a) oleic acid functionalized and (b) phosphonic acid functionalized particles (O'ZOOP@FeXOy). Blue: experi-
mental data, red: Rietveld refinement, black hkl-values. Reference taken from COD1513301.4
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Fig. 3 FTIR spectra of the phosphonic acid functionalized particles
(O'OZSP@FeXOy—O'GOOP@FeXOy).

of the modified particles is the intense vibration band at
964 cm ', which proves the bond formation between the
phosphonic acid groups and the iron oxide surface. The
intensity of the signal increases with progressive functionali-
zation.”””** In addition the IR spectra reveal the increase of C-H
stretching and deformation vibrations at 2945-2813 cm ™" and
1645-1402 cm™~'. The C=0 stretching vibration at 1637 cm™",
which is present in all samples, shows a non-quantitative
exchange of the oleic acid. The signal intensity suggests
a significantly larger amount of remaining oleic acid compared
to similar exchange protocols of DA and PEG phosphonic acid
derivatives reported in literature.”>*® As mentioned above, this
effect can be assigned to the increasing electrostatic repulsion
between the cationic groups with increasing surface coverage.
Remaining oleic acid molecules on the surface seem to act as
a spacer between the cationic charges. >'P NMR spectroscopy
was conducted on the supernatant solutions of the functional-
ization reaction mixtures, showing residual unreacted phos-
phonic acid starting from sample *'*’P@Fe,O, (see Fig. S217).

Surface coverage was studied using TGA and CHN analysis.
TGA measurements were performed after a 10 min vacuum step
at 100 °C to remove any remaining solvent adsorbed on the
particle surface (Fig. 4). Every measurement consists of two
steps. Initially, samples were heated to 880 °C under nitrogen.
In this first segment the cationic particles show a mass loss at
50 °C to 200 °C. This is caused by solvent desorption, which
could not be removed even in the preheating step, due to strong
interaction with the positively charged particle surface. The
phosphonic acid decomposes in several steps, starting at about
230 °C for all samples. The mass loss for all samples increases
compared to the oleic acid functionalized particles, indicating
an increase of organic material bound to the surface. As ex-
pected, the mass loss increases from sample *°*’P@Fe,0, to
0-°%°p@Fe,0,. The organic content, obtained at the end of the
N, segment (char yield) varies between 22% and 34%. In the
second step, samples are heated to 1000 °C under synthetic air.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 TG curves of oleic acid and the phosphonic acid functionalized
nanoparticles, heating from room temperature to 880 °C under
nitrogen atmosphere, followed by heating to 1000 °C under a mixture
of nitrogen and oxygen (4 : 1) with a rate of 10 K min™.

For all samples, an increase in mass is observed in the air
segment, due to oxidation of the particles. While the mass
increase is quite small (~3%) for the oleic acid functionalized
particles, the phosphonic acid functionalized particles show
a larger increase of 7% to 12%. This indicates an additional
oxidation mechanism. While for the oleic acid a complete
desorption is expected during heating, the anchoring group of
phosphonic acid “PO3H,” is reported to remain on the particle
surface even at higher temperatures.”® By switching to oxygen-
containing atmosphere the phosphonate is oxidized to the
phosphate in addition to particle oxidation. As a result, the
mass increase is magnified with phosphonic acid functionali-
zation. A summary of the TGA data is presented in the ESI
(Table S17).

In combination with the TGA results, CHN analysis was used
to calculate the surface coverage. Because of the previously
discussed oxidation occurring during TGA at elevated temper-
atures, when using synthetic air, the residual mass at the end of
the N, segment (carbon/hydrogen content below CHN detection
limit) was used to calculate the surface coverage. The following
equation was applied:

X>< 1000
Y MxN

nCEl =

where 7., is the amount of coupling agent per particle in mmol
g ', X is the percentage of the respective element from CHN
analysis, Y is the residual mass from TGA in %, M is the molar
mass of the relevant element and N is the number of that
element in the molecule. However, these calculations bear
small errors, due to two points. First, the IR data suggests
remaining trace amounts of oleic acid, which is not considered.
In addition, the desorption behavior of the two coupling agents
varies, as mentioned above. While the oleic acid completely
desorbs during heating, the anchoring group of phosphonic
acid “POz;H,” remains on the particle surface. The TGA and
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CHN data used to calculate surface coverage is shown in Table
S1.f As expected, the organic content determined by TGA
increases with the phosphonic acid contend. The same trend is
visible for the CHN data and also for the n., values. In all
samples a lower coverage was calculated based on the nitrogen
content obtained from CHN analysis, compared to the values
calculated based on the carbon and hydrogen content. This
further underpins the argument that oleic acid is still present
on the surface. For calculating the remaining organic ligand on
the particle surface, carbon and hydrogen contents derived
from the phosphonic acid were subtracted from the overall
carbon and hydrogen mass. As nitrogen is only present in the
phosphonic acid the respective carbon and hydrogen contents
were calculated using the nitrogen content of the CHN analysis
and the elemental composition of the phosphonic acid. As ex-
pected, the amount of remaining carbon (5.23-2.73%) and
hydrogen (0.84-0.45%) gradually decreases as the amount of
phosphonic acid increases. This confirms that the equilibrium
of the exchange can be driven forward by increasing phos-
phonic acid concentration. But in all cases, some oleic acid

mean: 7,0 nm
40 sd: 1,4 nm

2 4 6 8 10

Particle Diam

12 14

3.90nm 4.60 nm

View Article Online
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remains on the surface. If the ratio of the corrected carbon and
hydrogen content is considered, it is noticeable that in several
samples the ratio does not fit to the ratio in oleic acid (C : Hop =
6.31). This indicates the presence of additional organic material
on the particle surface, for example adsorbed solvent molecules
that could not be removed during the drying process
(C : Hethanol = 3.97). As a result an exact quantification of the
remaining oleic acid was not possible. The phosphonic acid
corrected carbon and hydrogen values are shown in Table S2.7

To investigate the influence of the functionalization on the
particles XRD, TEM and DLS measurements were also con-
ducted for the functionalized particles. The results are pre-
sented exemplary for **°°P@Fe,0, in comparison with the oleic
acid functionalized particles. While the DLS measurements
show a slight increase in the hydrodynamic radius upon func-
tionalization there is no change in the crystallite size deter-
mined by XRD, nor the particle size determined by TEM within
the measuring accuracy (see Fig. 5). Furthermore, no change in
color was observed during functionalization indicating no
major changes in the iron oxide composition.

25 mean: 8.2 nm
sd:  2.0nm
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Fig. 5 Transmission electron micrographs of (a) OA@Fe,O, and (b) O'OOZP@FeXO},. Histograms: statistical size distribution of particles (N = 200).

(c) DLS measurement of OA@Fe,O, and %°°?P@Fe,O,.
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Fig. 6 Zeta potential of ®°2P@Fe,O, in water (black) and OA@Fe,O,
in ethanol (red) as a function of pH.

Zeta-potential measurements were performed to determine
the isoelectric point as well as surface charge dependent of pH
value (Fig. 6).

The surface charge of the phosphonic acid modified parti-
cles starts at a high positive value of 30 mV and remains
constant up to pH 8. Thereafter a linear decrease of the surface
charge is observed. The isoelectric point (IEP) was determined
at a pH of 10.6 and is thus significantly higher than described
for non-ionic functionalized iron oxide nanoparticle surfaces of
7.9.5%%> Nonetheless considering the expected permanent posi-
tive charge the quaternary ammonium functionalities should
provide, the decrease at high pH values is rather surprising.
CHN analysis of the particles confirmed the absence of nitrogen
containing groups at pH 11.5 (Table S37). As the IR data suggest
that the organic molecules remaining on the surface at pH 11.5
are oleic acid, analogous experiments were performed with oleic
acid functionalized iron oxide nanoparticles. Zeta potential
measurements showed a linear decrease of surface charge with
increasing pH with an IEP of 7.3 (Fig. 6). CHN analysis displays
only a partial removal of the oleic acid upon higher pH values,
supporting the presumption of oleic acid in the particle surface
after the functionalization. In order to further examine the
absence of nitrogen content on the particle surface at high pH
values, the supernatant solution of the functionalized particles
was analyzed. Both 'H and *'P NMR spectroscopy, showed the
intact phosphonic acid, confirming a desorption mechanism
rather than a decomposition process (Fig. S22t). This is quite
surprising, as the binding of a vast variety of phosphonic acid
derivates to metal oxide surfaces is described as very
stable.?>>

Polymer synthesis

Electrostatic self-healing nanocomposites, require beside
charged nano building blocks charged polymer chains. For our
methyl ammonium ion charged iron oxide nanoparticles we
selected sulfonic acid groups in the polymer.>*** Self-healing
nanocomposites require a polymer matrix with a low T, to
grant a high chain mobility.”* Since typical anionic poly-
electrolytes, like poly(acrylic acid), tend to have high T, values

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 H NMR spectra of °Pol (black), 8Pol (red), *Pol (green), *Pol
(blue).

(>100 °C)* it is often necessary to use random copolymers in
which a second monomer delivers a lower glass transition
temperature. Furthermore, the second monomer must be
hydrophilic to guarantee a good miscibility with the polar
sulfonic acid derivate. Hence for a self-healing approach based
on electrostatic interactions a tailoring of the matrix polymer is
necessary. We have chosen methyl methacrylates as the poly-
merizable groups, because they show high reactivity in the
polymerization process largely independent of the functional-
ized side chains. Based on previous arguments we used sodium-
4-(methacryloyloxy)butan-1-sulfonate (SMBS) and di(ethylene
glycol) methyl ether methacrylate as monomers. All synthesized
polymers were prepared via activators regenerated by electron
transfer atom transfer radical polymerization (AGET ATRP),
using hydrazine as the reducing agent. Literature known
procedures were used, applying a Cu(i) catalyst with 2,2'-bipyr-
idine as ligand.*" In a first approach, we synthesized the corre-
sponding homopolymers from the selected monomers.
Applying standard ATRP conditions lead to low conversions and
yields particularly in aqueous reaction mixtures. The reason for
that seems to be the lability of the [CuBr(bipy,)] complex.*”** By
adding hydrazine after 12 h reaction time, yields could be
improved up to 53% for the ionic homopolymer and over 60%

Table 1 Influence of the polymer composition on the glass transition
temperature

Sample DEGMAtheO SMBStheo DEGMAfound SMBSfound Tg [o C]
P(DEGMA) n — n — —23
P(SMBS) — n — n 126
opol 10n n 11.0n n -18
#Pol 8n n 8.1n n -16
pol 5n n 5.2n n 26
*Pol 3n n 4.0n n 50

Nanoscale Adv, 2021, 3, 5589-5604 | 5597
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for P(DEGMA) and the synthesized copolymers. 'H NMR
confirmed product formation and the removal of unreacted
monomer during work up (see Fig. S231). Removal of the copper
complex was achieved by dialysis against diluted HCI.
Commercially available poly(styrene sulfonate) (P(SS), 70 000
Da) was used as an anionic reference system.

For both synthesized homopolymers, DSC measurements
were conducted to determine T, values (see Fig. S25t).
P(DEGMA) shows a very low T, of about —23 °C, which is in good
agreement with literature reports.*” Contrary the T, of the
anionic homopolymer is much higher at 166 °C. In order to
assess the variability of the T, by adjusting the polymer
composition copolymers with monomer ratios of 1:10, 1: 8,
1:5 and 1:3 (SMBS : DEGMA) were synthesized by weighing
the respective amounts of monomer (*°Pol, ®Pol, *Pol, *Pol).
Fig. 7 shows the "H NMR spectra of the respective polymers. The
spectra were normalized to the COO-CH, signal at 4.11 ppm.

It is clearly visible that the signals of the ionic polymer
increase with the increasing ionic proportion in the monomer
composition. The polymer composition determined by inte-
gration of "H NMR signals matches the weighted monomer
ratios (see Table 1).

The obtained polymer samples are hydrophilic and slowly
adsorb water from the ambient air. This water affinity of poly-
electrolytes is well known and studied extensively, as the water
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(a) DSC curves of the synthesized copolymers and (b) influence of the polymer composition on the glass transition temperature.

content governs a plethora of properties such as mechanical
strength, rigidity and ion conductivity.**** Therefore, storage
conditions such as humidity and temperature have to be
controlled.

Fig. 8 shows the measured DSC curves in the area of the glass
transition temperature for the obtained polymer samples.
Comparing the glass transition temperatures of the synthesized
polymers, it is apparent the increase of the ionic species elevates
the glass transition temperature.

The observed T, increase with increasing proportion of ionic
species is below the rule of mixture. This is in agreement with
reported copolymers and empiric models like the Gordon-
Taylor equation.®>* Especially in the lower molar percentages
the T, only increases very slowly, whereas at the higher molar
concentrations the increase is significantly higher. P(SS) has
a much higher crystallinity and shows a distinct melting peak at
235 °C (see Fig. S267).

Table 2 Composite compositions

10po] 8pol >pol 3Pol P(SS)
1 wt% **°°P@Fe, 0, C11 c21 C31 c4a1 CK1
2 wt% >*°°P@Fe,0, C12 Cc22 C32 Cc42 CK2
5 wt% **°°P@Fe, 0, Cc13 Cc23 C33 c43 CK3
20 wt% *?*°P@Fe,0, Cl14 C24 C34 C44 CK4

100 T T T T T T
0 20 40 60 80 100

Percentage of SMBS in the Polymer

(a) TGA of the synthesized polymers and (b) influence of the polymer composition on the Tos values.
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Fig. 10 Image of the 3pol based nanocomposites C41, C42, C43 and
C41 (1 wt, 2 wt%, 5 wt% and 20 wt% particle content). Dimensions:
0.5cm x 0.5 cm x 1 mm and investigation of the magnetic properties
of C41.

To assess the thermal stability of the used polymers TGA
measurements were performed. The results are shown in Fig. 9.

For all polymers, the decomposition starts at temperatures
above 250 °C. The onset for the matrix polymer is at 274 °C. In
contrast, the temperature stability of the anionic polymer is
much higher, showing decomposition at 375 °C. As a result, the
synthesized copolymers show two distinct decomposition steps
at the respective decomposition temperatures of the homopol-
ymers. Tos values (temperature at 5% mass loss) of the polymers
were considered to assess the polymer stability. By increasing
the proportion of SMBS in the polymers an almost linear
increase of the Ty values from 251 °C for P(DEGMA) to 360 °C
for P(SMBS) is observed (see Fig. 9). P(SS) shows an even higher
Tos of 447 °C (see Fig. S277). Furthermore, P(DEGMA) shows an
almost complete decomposition (char yield: 2%), whereas the
ionic P(SMBS) and P(SS) reveal residual masses of 48% and
40%, respectively.

Composite synthesis

Nanocomposites were obtained by mixing the synthesized
copolymers with the respective amount of cationic functional-
ized nanoparticles in a water/THF solvent mixture (1 : 1, v/v).
Particle contents between 1 and 20 wt% were used. P(SS) was
mixed with the filler as a control experiment. Solvents were
evaporated at room temperature under vigorous stirring. The
solid polymers were pressed into a Teflon mold using a vice at
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— 1 wt% particles
80 —— 2 wt% particles
— —— 5 wt% particles
R 604 20 wt% particles
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@
£ 401
204
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200 400 600

Temperature [°C]
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80 °C. The compositions of all synthesized composites are
shown in Table 2. Using P(SS) as the polymer matrix, extremely
brittle composites were obtained which could not be shaped by
compression molding.

Black, solid, and highly magnetic samples were acquired. All
specimens show no macroscopic agglomeration of the particles
within the polymer (see Fig. 10).

Analogously to the polymer samples, TGA measurements
were performed with the composite materials. The results for
the '°Pol und *Pol based systems are shown exemplarily in
Fig. 11. In contrast to the polymer composition, the particle
content shows only a small influence on the material's thermal
stability. While slight increases of the thermal stability and thus
the Tos values are observed for all composites the influence
seems to decrease with increasing proportion of the ionic
component in the polymer. For the '°Pol based systems
decomposition is shifted from 266 °C to 275 °C by increasing
the particle content from 0 wt% to 20 wt%. The shift is only
about 5 °C for the *Pol system for the same particle contents. As
already observed for the polymer systems the char yields of the
*Pol based composites is much larger than the '°Pol based
systems. The observed increase of char yields of the composites
compared to the respective polymers almost linearly correlates
with the particle content. Upon introducing 20 wt% particles
char yields increase from 6% to 24% for the '°Pol and from 16%
to 26% for the *Pol based systems. All recorded TGA data is
included in the ESI (Fig. S287).

Two different effects were observed for composites with low
and high SMBS contents in DSC analysis. Fig. 12 shows the
obtained curves for the *°Pol and *Pol based systems as repre-
sentatives of systems with a low and high ionic character,
respectively. The DSC data of all samples are displayed in the
ESI (see Fig. S29t). DSC measurements revealed no changes of
the T,s for '°Pol and ®Pol based composites in comparison to
the pristine copolymers. These results are quite surprising
because we expected that due to the strong ionic interactions
between particles and polymer matrix the chain mobility is
reduced and thereby the T, is increased. Moll and Kumar
explain the almost complete absence of T, shift described for
many strongly interacting composite systems by the fact that an
almost irreversible connection between polymer and filler
occurs. As a result, the layer is dynamically decoupled from the

b) .
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TN —— 1 Wt% particles
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— —— 5 wt% particles
X 604 20 wt% particles
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Fig. 11 Thermogravimetric analysis of the synthesized composites. (a) 1°Pol and (b) *Pol based systems.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Nanoscale Adv., 2021, 3, 5589-5604 | 5599


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00417d

Open Access Article. Published on 05 August 2021. Downloaded on 2/9/2026 7:30:40 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

a) ——— 20 wt% particles

o 044 —— 5 wt% particles

3 —— 2 wt% particles

© R 0, ;
= 03] 1 wt% partlcles/r
>

3

=

(@)

O

0]

o

-50 0 50 100
Temperature [°C]

View Article Online

Paper
b) ——— 20 wt% particles
o 0.3] — 5 wt% particles
5 —— 2 wt% particles -
><I“ — 1 wt% part?f:!gs/ —
2 021 -
B -
=
(@)
O
0]
o

-50 0 50 100
Temperature [°C]

Fig. 12 DSC of the synthesized composites. (a) ‘°Pol and (b) *Pol based systems.

rest of the “free polymer”. Furthermore, they postulate this
bonded layer does not relax in the time scale of the DSC
measurements, whereby only the bulk polymer is recorded.®
For the composites with higher P(SMBS) content a decrease in
T, from 26 °C to —10 °C for °Pol based systems respectively
50 °C to —15 °C for *Pol based systems was observed. These
results can be attributed to comprised solvent,***” which could
not be removed completely, especially for the composites con-
taining more polar polymer. Independent of the polymer
composition no deviations in the T, were observed between the

composites containing 1 wt%, 2 wt%, 5 wt% and 20 wt%
particles.

Self-healing experiments

Self-healing studies were performed on 1 cm x 1 cm x 0.2 cm
specimens. Two types of self-healing experiments were per-
formed, varying in the type of heat supply necessary for the
healing process. Firstly, regular heating in an oven was applied.
For the self-healing experiments the composite samples were
cut through half thickness. The separated ends were gently
pressed together and heated to 80 °C for 24 h. Hereafter, the

Fig. 13 Microscope images of (a) C44, (b) cut through half thickness, (c) gently pressed together at room temperature then heated to 80 °C for

24 h and (d) another 24 h at 80 °C in Teflon mold.
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Fig. 14 Heating studies for composites C41-C44 in alternating
magnetic fields. Frequency: 1.95 MHz, field strength: 0.5-1.1 KA m™%,
percentage values refer to the applied part of the total generator
power of 3000 W for the respective heating segment.

samples were put back into the Teflon molds and heated for
another 24 h. After every step microscope images were taken.
The results are shown exemplarily for the C44 system in Fig. 13.

Within the first 24 h an almost complete recombination of
the surfaces was observed. After another 24 h the crack

View Article Online
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completely disappeared for all samples. In general, the healing
is faster for samples with lower SMBS content, due to the higher
chain mobility in low T systems. For further investigations, the
%pol based systems were excluded, as they rather showed
melting and convergence upon heating, which did not allow the
investigation of the actual healing process based on the ionic
interactions.

In preparation for the self-healing experiments in alternating
electromagnetic fields, heating studies were performed. Fig. 14
shows exemplarily the determined temperature at varying
generator outputs over time for composites C41-C44. As ex-
pected, the heating efficiency increases with increasing particle
content. The slight decrease in temperature in the first segment
can be attributed to the water cooling of the HF coil. Starting
from that point with every increase of the applied power a sharp
increase in temperature is observed. Within five minutes an
equilibrium is reached, and the temperature stabilizes. For C41,
with the lowest particle content of 1 wt%, a maximum of 58 °C is
achievable. With a particle content of 2 wt% the maximum
temperature slightly increases to 63 °C. For C43 and C44
temperatures above 80 °C (temperature used in oven self-
healing experiments) are possible.

The influence of the electromagnetic field on the *Pol poly-
mer sample was also examined as a control experiment without
particles. Even at full power, no significant heating of the
sample was observed (see Fig. S307). At this point the heating
mechanism for the composites is not fully clarified yet, as for

Fig. 15 Microscope images of the (a) untreated sample C44, (b) the cut sample and the healed sample after (c) 24 h and (d) 48 h at 58 °C in the

induction furnace.
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the used small particles a lower heating efficiency due to Néel
and Brown relaxation can be expected. At higher frequencies
heating might also occur due to Eddy currents.

In the next step induction heating was used as a stimulus to
initiate the healing process. Field strengths were adjusted to
reach a macroscopic temperature of 55 °C, thus lying below the
healing experiments in the regular oven. Analogously to the
healing experiments in the regular oven, microscope images
were recorded after pressing the edges together, 24 h and 48 h
healing time (Fig. 15).

As shown for sample C44 in Fig. 15 the cut healed
completely. A control experiment was performed with the
polymer sample *Pol, where no crack healing was observed (see
Fig. S317). Due to the absence of the particles, the alternating
magnetic field does not induce heat in the sample, which is
necessary for the healing process. Furthermore, the removal of
the ionic interactions, which occur between the particles and
the polymer in the composites, hampers the self-healing.
Comparing the conventional oven heating and heating in an
alternating magnetic field shows, that the induction heating
allows faster and more efficient healing at lower macroscopic
temperatures.

Conclusions

Novel functional nanocomposite materials based on anionic
methacrylate-based copolymers and iron oxide nanoparticles
were synthesized. Linear, flexible polymer chains were obtained
by ATRP synthesis of DEGMA and SMBS at 70 °C. "H NMR, FTIR
and DSC were used for characterization. ATRP showed high
flexibility towards tailoring the polymer composition and hence
the polymers T,. For these polyelectrolytes as well as the later
synthesized composites the control of storage conditions, such
as humidity and temperature are necessary, as these have
decisive influence on the water content of the samples and thus
their mechanical properties. Iron oxide nanoparticles were
synthesized and functionalized with phosphonic acid deriva-
tives bearing quaternary ammonium moieties in w-position.
Zeta potential measurements confirmed the positive surface
charge necessary for a uniform dispersion in the polymer
system at moderate pH-values. On top of that, self-healing
properties are achieved. Particle contents of 1-20 wt% were
investigated, all showing promising self-healing in the pm
length scale. Introduction of superparamagnetic iron oxide
nanoparticles introduced magnetic properties and the oppor-
tunity to induce heat with an external alternating magnetic
field. Experiments in an alternating magnetic field revealed the
possibility of spatially resolved healing at lower macroscopic
temperatures necessary for conventional healing. The self-
healable nanocomposites lay a basis for the development of
advanced nanocomposites possibly combining the self-
assembly by ionic interactions with DA-healing.
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