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Self-healing magnetic nanocomposites with robust mechanical 
properties and high magnetic actuation potential prepared from 
commodity monomers via graft-from approach 
Hurik Muradyan,a Davoud Mozhdehi b and Zhibin Guana 

Herein, we report the design, synthesis and characterization of self-
healing magnetic nanocomposites prepared from readily available 
commodity monomers. These multi-functional materials 
demonstrate robust mechanical properties, with a Young’s 
modulus of 70 MPa and over 500% extensibility. The magnetic 
nanocomposites also show self-healing ability, achieving 46% 
recovery of extensibility in 5 hours in ambient conditions while 
retaining high magnetic actuation with a commodity magnet. 

Polymeric nanocomposites with magnetic nanoparticles 
(MNPs) have wide applications in stimuli-responsive materials, 
actuators and soft robotics. The magnetic properties of such 
nanocomposites allow for actuation without physical contact by 
using an external magnetic field.1 Increasing the actuation 
potential of these materials is critical for their wide-spread use 
as remote actuators and is commonly achieved by increasing 
the fraction of MNPs.2,3 However, the increased nanoparticle 
content often results in aggregation of nanoparticles and 
decreased mechanical performance of these materials.4,5 
Furthermore, using magnetic nanocomposites as actuators in 
soft robotics requires robust and durable mechanical 
properties.6 Repeated motion can build up stress, generating 
defects that propagate and finally lead to catastrophic 
mechanical failure.6,7 This is especially challenging for materials 
with high fractions of MNPs that are inherently more brittle.8,9 
One approach to making magnetic actuators with robust 
mechanical properties is to impart the materials with self-
healing ability; self-healing increases the durability and 
functional lifetime of the material.7,10 Intrinsically self-healing 
materials leverage dynamic, reversible interactions that can be 
accessed repeatedly upon damage to facilitate healing.11–15 
Such interactions include  non-covalent interactions,16–21 or 
dynamic covalent bonds,22–26 that prevent the cascade of the 
damage and the delay of eventual catastrophic failure of the 
material.15 

There have been significant efforts to develop magnetic 
nanocomposites with self-healing capabilities.7 A common 
approach capitalizes on the inductive heating effect of MNPs in 
an alternating magnetic field.27–36 The local heat produced from 
this process allows for various forms of self-healing such as 

melting of a thermoplastic phase,27,28,31,35,36 facilitating bond 
exchange,33,37–39 or accessing reversible reactions.29 This 
method has yielded magnetic composites with good self-
healing and mechanical properties; but, not all applications are 
amendable to applying  an alternating magnetic field. 

A promising alternative approach relies on the intrinsic self-
healing nature of the polymeric matrices of MNP 
nanocomposites, without relying on the magnetic properties of 
the MNPs.40–44 This approach has been demonstrated in 
hydrogels,39,40,43–45 and in solid-state bulk materials;41,46,47,42,39 
however, in all these cases there is a non-covalent bond 
between the MNPs and the self-healing polymer. Due to the 
inherent attractive nature of MNPs, these approaches are 
susceptible to nanoparticle aggregations and macroscopic 
phase separation.5 More recently, Xu et. al.48 reported a self-
healing magnetic nanocomposite using a graft-from approach 
such that there is a covalent linkage between the dynamic 
polymer and the MNPs, preventing aggregation. This represents 
a step forward toward the development of intrinsically self-
healing bulk magnetic nanocomposites; however, the synthesis 
required specially designed monomers, limiting its general 
applicability and practical applications.

Here, we report a bulk self-healing magnetic nanocomposite 
using commercially available inexpensive monomers and a 
graft-from approach to yield stable and homogenous MNP 
dispersion (Scheme 1). The use of commodity monomers is 
expected to facilitate the translation of the material into real 
world applications. Our goal was to develop intrinsically self-
healing magnetic nanocomposites with high actuation potential 
and good mechanical properties via a graft-from approach using 
readily available monomers that have not yet been investigated 
for self-healing behaviour. We synthesized MNPs with a narrow 
size distribution, then functionalized the MNPs with a radical 
chain-transfer agent (CTA) to allow for reversible deactivation 
radial polymerization from the surface. By using the graft-from 
approach we were able to achieve high weight percent (wt %) 
and homogenous dispersion of MNPs.5 We employed an 
inexpensive commodity monomer, acrylamide (Am), to 
introduce the dynamic self-healing motif with its hydrogen-
bonding amide group. To maintain polymer chain dynamics for 
spontaneous healing under ambient conditions, we 
copolymerized Am with another inexpensive commodity 
monomer, n-butyl acrylate (BA), to yield the copolymer termed 
BAAm. Mechanical properties and self-healing behaviour of the 
BAAm MNP nanocomposite were thoroughly characterized by 
mechanical testing. Finally, simple actuation of the magnetic 
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nanocomposite was demonstrated by remote actuation using a 
commodity external magnet. 

Specifically, we first synthesized MNPs via a two-step 
thermal decomposition method to yield iron oxide 
nanoparticles with narrow size distribution.49 To obtain 
particles we first generated an iron-oleate precursor that was 
characterized by differential scanning calorimetry (DSC) (Fig. 
S1).50 In the second step, thermal decomposition of the 
precursor yielded iron oxide nanoparticles with a diameter of 
21.5±1.9 nm as determined by transmission electron 
microscopy (TEM) (Fig. 1a). The quality of the crystalline nature 
of iron oxide nanoparticles was evident by the lattice fringes 
seen in the fast Fourier transform of the high-resolution TEM 
image (Fig. S2). We also characterized the surface chemistry of 
the MNPs via attenuated total reflectance (ATR) Fourier 
transform infrared (FTIR) spectroscopy. The two signals at 1450 
and 1375 cm-1, as indicated by red arrows in Fig. 1b, are 
characteristic of coordinated asymmetric and symmetric 

carboxylates stretches, which appear at a lower frequency as 
compared an unbound carboxylic acid that would display a 
signal at 1700 cm-1, demonstrating the bond formation between 
the oleate ligand and the surface of the oleic acid (OA) 
MNPs.51,52

Next, the OA MNPs were functionalized with a radical chain-
transfer agent (CTA) to facilitate polymerization from the 
surface. A trimethoxy-containing CTA was synthesized in one 
step (Scheme S1) and characterized by 1H NMR spectroscopy 
(Fig. S3).53 Next the particles were modified with the CTA via a 

base-catalyzed ligand exchange that results in the covalent 
attachment of the CTA via a Fe-O-Si linkages.54,55 The surface 
chemistry of the resulting particles, termed CTA MNPs, was 
characterized via  ATR FTIR spectroscopy, which revealed the 
emergence of new vibrational stretches that corresponds to the 
CTA (Fig. 1b, full range FTIR spectra in Fig. S5). The characteristic 
peaks that confirmed successful ligand exchange include 
trithiocarbonate stretches from 1450-1490 cm-1 marked with 
blue double headed arrows, and siloxane stretches from 1000-
1100 cm-1 (Fig. 1b, blue and black curves).56–58 Surface 
functionalization of CTA MNPs was also supported by 
thermogravimetric analysis (TGA) (Fig. 1c, red and black curves), 
which show an increase in volatile organic content from 7 to 25 
wt % after functionalization with the CTA indicating successful 
functionalization (Table S1). The increase in organic content 
upon functionalization with a lower molecular weight ligand is 
attributed to a higher density of the CTA as compared to the 
oleate ligand. The higher density of CTA (4.6 mmole/g) is 
ascribed to the facile base-catalyzed  condensation of 
alkoxysilanes generating multi-layer siloxane shell, commonly 
seen in literature. 59–61 

The CTA MNPs were then subject to surface-initiated 
reversible addition-fragmentation chain transfer (si-RAFT) 62–65 
polymerization with the comonomers acrylamide (Am) and n-
butyl acrylate (BA), yielding MNPs grafted with  the BAAm 
copolymer. The feed ratio of Am to BA was chosen to be 30 mole 
% Am and 70 mole % BA to maintain a relatively high 
concentration of dynamic hydrogen-bonding motifs while 
maintaining the sufficient polymer chain dynamics (owing to 
the lower glass transition temperature of BA).66 The 
polymerization was monitored by 1H NMR spectroscopy using 
mesitylene as an internal standard to ensure percent 
conversion was less than 50%. A range of composites with 
varying amounts of polymer were synthesized by quenching the 
polymerization at different time points. The composites are 
referred to as BAAm-MNP-XX, where XX is the weight percent 
of volatile organic components as determined by 
thermogravimetric analysis including XX = 75, 81, 85, 86 (Table 
S1). After si-RAFT copolymerization the BAAm-MNPs were 
purified from unreacted monomer via precipitation prior to 
characterization. BAAm-MNP nanocomposites were 
characterized by TGA, revealing an increase in the organic 
content from 25 wt % in the CTA-MNPs (Fig. 1c, black curve) to 
75-86 wt %, as seen in Table S1, for the range of BAAM-MNP 
nanocomposites synthesized (TGA characterization of all 
composites in Fig. S4). FTIR spectroscopy further supports the 
functionalization of BAAm copolymer on the surface of the 
nanoparticles as evident in the signals at 1724 and 1672 cm-1, 
marked with two green arrows in Fig. 1b, which are 
characteristic of carbonyl stretches for BA and Am, respectively 
(Fig. 1b, green curve).58 Due to the graft-from approach, it is 
possible to achieve large wt % of the inorganic phase while 
maintaining homogeneity of nanoparticle distribution. This is 
evident in the TEM characterization of BAAm MNPs that show 
the nanoparticles to be colloidally stable and well dispersed 
from one another (Fig. 2a). Homogenous dispersion of the MNP 
is attributed to the graft-from approach that results in a 

Scheme 1 Design and synthesis of magnetic nanoparticles (MNPs) grafted with 
acrylamide (Am) and n-butyl acrylate (BA) copolymers. (a) Functionalization of oleic 
acid (OA) MNPs with a chain-transfer agent (CTA) to yield CTA MNPs. The CTA was 
synthesized in one step from 3-mercaptopropyltrimethoxysilane (b) Synthesis of 
BAAm copolymer functionalized MNP. (c) Hydrogen bonding between Am and BA are 
shown as representative examples. There is also hydrogen-bonding between Am and 
Am monomeric units.  
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covalent linkage between the dynamic polymer and the MNPs, 
which overcomes the phase separation issue that is common 
when physically blending incompatible materials.

Next the mechanical properties of the nanocomposites with 
varying content of MNPs were characterized by uniaxial 
mechanical testing (Fig. 2b & Table S1). Stress-strain curves 
showed clear differences in the mechanical properties that 
correlate with the relative polymeric content (Fig. 2c). All 
samples exhibited high extensibility from 540 % for BAAm-MNP-
75 to 1200% for BAAm-MNP-86, respectively (Fig. 2b, black and 
green curves). There is a clear trend that the extensibility 
increases with increased weight percent organic content, owing 
to the increase polymer content. Additionally, the toughness 
nearly doubles from 28 to 52 MJ/m3 upon increasing the weight 
percent from 75 to 86 (Table S1). As expected, increasing the 
fraction of flexible and dissipative polymer chains endows the 
nanocomposite with higher extensibility and toughness. The 
reinforcing effects of the MNPs to the nanocomposite 
mechanical properties can be clearly seen in comparison to a 
control BAAm polymer without MNP (Fig. S6). The stress at 
break increases from 0.8 MPa for the control sample to 6.9 MPa 
for the BAAm-MNP-75 sample, demonstrating an eight-fold 
increase, while the extensibility for the BAAm-MNP-75 remains 
high at 540 % (Table S1). The BAAm-MNP-75 sample also 
exhibits a high Young’s modulus of 70 MPa, significantly higher 
than the control which had a Young’s modulus of 12 MPa (Table 
S1). This represents a significant improvement of mechanical 
properties (2-fold in modulus and 7-fold  in extensibility) for 
intrinsically self-healing magnetic composites that self-heal at 
ambient conditions.

After thorough molecular, mechanical, and morphological 
characterization, we set to investigate the self-healing 
behaviour of the BAAm-MNP nanocomposites. Polymers with 
hydrogen bonding capabilities has been previously shown to 
yield robust self-healing dynamic materials.17,18 Here, we 
capitalized on the dynamic hydrogen bonds between the 
commodity monomers, Am and BA, to allow for facile recovery 
of mechanical properties after incurring damage. The self-
healing capabilities are tested by introducing a cut through 50% 
of the width of a sample, then pressing the cut interfaces 
together and allowing for healing for desired duration. The self-
healing efficiency was quantified by uniaxial mechanical testing 
in comparison to pristine, uncut sample subject to the same 
conditions (Fig. 2d). BAAm-MNP-33 recovered 75% of its 
original extensibility when healed at 80 ⁰C for 5 h under reduced 
pressure (Fig. S8 and Table S5). In more application relevant 
conditions, the BAAm-MNP-85 sample recovered 41% of the 
extensibility when healed at ambient conditions of 30 °C for 2 h 
(Fig. S7 & Table S3). It is expected that the self-healing of 
composites with lower amounts of polymeric material, such as 
in BAAm-MNP-33, to be more challenging. For this reason, the 
healing of BAAm-MNP-33 was extended to 5 h at 30 ⁰C, after 
which 46% of the extensibility was recovered (Fig. 2d & Table 
S2). The observed self-healing efficiency is presumably due to 
the formation of new hydrogen bonds between BAAm grafts on 
MNPs at the cut interface (Scheme 1c). 
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Fig. 1  (a) Transmission electron micrograph of oleic acid MNPs. Inset showing size 
distribution in terms of normalized frequency with an average diameter of 21.5±1.9 
nm. Scale bar is 200 nm. (b) Attenuated total reflectance Fourier transform infrared 
spectroscopy of oleic acid MNP (red), CTA MNP (black), free CTA (blue), and BAAm-
MNP-75 (green) (c) Thermogravimetric analysis of oleic acid MNP (red), CTA MNP 
(black), and BAAm MNP-75 (green).
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Finally, we demonstrated the potential of using the BAAm-
MNP nanocomposites in practical actuation using an external 
magnetic source. To achieve high magnetic actuation there 
must be sufficiently high MNP loading. Owing to the graft-from 
approach, we can incorporate 25 wt % inorganic material in 
BAAm-MNP-75, which allowed for actuation using a commodity 
neodymium magnetic with a 54 kg pull force. This was 
demonstrated by affixing one side of a dog-bone shaped BAAm-
MNP-75 sample, while bringing the magnet towards the other 

end of the sample, as seen in Fig. 3. The magnet was moved 
downwards to the sample until actuation started when the 
magnetic was 2 cm away (Fig. 3d&e). The nanocomposite was 
then actuated in the opposite direction by changing the location 
of the magnet, (Fig. 3f-h). Upon removal of the magnetic field 
the composite returned to an equilibrium position (Fig. 3i). This 
simple experiment demonstrates that this nanocomposite 
allows for facile and rapid actuation in addition of self-healing 
in ambient conditions, making these promising for 
multifunctional materials for applications as magnetic 
actuators.

Conclusions
Here we demonstrated the use of a graft-from polymerization 
approach to generate MNPs functionalized with an intrinsically 
self-healing polymer matrix that is composed of readily 
available inexpensive monomers.  The two notable features of 
this work include the use of inexpensive commodity monomers 
which should facilitate the translation into practical 
applications, and the improved mechanical properties. The 
magnetic nanocomposite exhibits a high Young’s modulus of 70 
MPa and excellent extensibility of over 500% while retaining the 
ability to self-heal in ambient conditions. By using readily 
available monomers, i.e., acrylamide and n-butyl acrylate, the 
nanocomposite can self-heal mechanical damage with ~ 50% 
efficiency in as short as 2 hours in ambient conditions. This work 
contributes to the field of magnetic nanocomposites by using 
commodity monomers to achieve a self-healing material with 
excellent mechanical properties and high actuation potential, 
opening many applications that benefit from robust materials 
with prolonged lifetimes including such as remote actuation, 
artificial muscles and soft robotics.
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the magnet was removed from area and the sample resumed to its original position.
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