RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 25

RSC Advances

One-pot electrochemical synthesis of polydopamine coated
magnetite nanoparticles

Eva Mazario," Jorge Sdanchez-Marcos,” Nieves Menéndez," Pilar Herrasti," Mar
, , b ~ . *
Garcia-Herndndez,” Alexandra Mufioz-Bonilla®

[a] Departamento de Quimica Fisica Aplicada, Facultad de Ciencias, Universidad
Autonoma de Madrid, C/Francisco Tomas y Valiente, 7, Cantoblanco, 28049 Madrid,
Spain.

[b] Instituto de Ciencia de Materiales de Madrid, Consejo Superior de Investigaciones
Cientificas, Cantoblanco, 28049 Madrid, Spain

Abstract

Herein a facile and versatile one step synthesis of magnetite nanoparticles coated with
polydopamine is described. Magnetite nanoparticles are synthesized electrochemically
by electrooxidation of iron in aqueous medium in the presence of dopamine. The
oxidative conditions and alkaline pH involved in the synthesis favor the self-
polymerization of dopamine that adheres at the surface of the magnetic nanoparticles in
a simultaneous process. It is showed that the size of the magnetite nanoparticles as well
as the polydopamine coating can be controlled by varying the synthetic approach that is,
adding dopamine at the beginning of the electrosynthesis, in the meantime or at the end
of the process. The particle size of the core varies between few nanometers and 25 nm
while the shell can reach thickness up to ~5 nm. The obtained hybrid nanoparticles were
characterized by thermogravimetric analysis (TGA), infrared spectroscopy (FTIR), X-
ray diffraction (XRD) and transmission electron microscopy (TEM). In addition, the
magnetic measurements of the different obtained materials were carried out showing a

variety of magnetic behaviors depending on the synthetic procedure.
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Introduction

Iron oxide magnetic nanoparticles have found widespread applications in many fields
covering catalysis,1 data storage media,” environmental remediation separation,3
purification’ and biomedical uses such as magnetic resonance imaging (MRI),’
hyperthermia6 or drug delivery.” In biomedicine, superparamagnetic nanoparticles are of
particular interest because in the absence of magnetic field they do not exhibit
remanence magnetization and coercivity field, preventing the particle aggregation.
Ferromagnetic materials, for instance magnetite or maghemite which are also
chemically stable and biocompatible, could became superparamagnetic when they
behave as single magnetic domains typically with sizes smaller than about 15 nm.
However, large particles are more easily manipulated by external magnetic fields due to
the higher magnetization saturation and are desirable in other applications. Thus, it is
crucial the precise control of the size that affects the magnetic properties as well as the
shape, size distribution and the surface chemistry of the nanoparticles. The surface
functionality has an influence not only on the magnetic behavior of the nanoparticles
but also governs the interactions with the environment including the stability and
dispersability of the nanoparticles, biocompatibility, the participation in biological
recognitions events, cellular up-take processes, etc.® In this concern polydopamine
(PDA) has attracted a substantial interest to surface functionalize magnetic
nanoparticles as well as other types of materials because of its unique properties.” *''?
Dopamine which was inspired from the adhesive proteins of mussels can self-
polymerize in alkaline aqueous media generating polymer films that adhere onto
practically all material surfaces including metals, metal oxides, polymers and

ceramics.”” It is also reported the oxidant induced polymerization of dopamine in

neutral or acidic pH.14 Besides its great adhesion ability and biocompatibility, PDA
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coatings exhibit other attractive properties.'> For example, PDA has been demonstrated
to be an effective carbon source for the formation of carbon spheres, capsules and
carbon-coated materials.'®'” In addition, PDA can act as a platform to immobilize at the
surface further compounds such as biomolecules or drugs through its many functional
groups that are able to react with a variety of molecules including thiol and amine via
Michael-type additions or Schiff base reactions.'® The polydopamine can also bind
various multivalent metal ions such as Fe**, Zn**, Cu*', etc.!” and behaves as reducing
agents conducting to the synthesis of metal NPs directly from their salts.** Therefore,
the preparation of magnetic nanoparticles covered with PDA and with precise control of
the size is received a great attention nowadays because enables versatile platforms for a
wide range of applications.21 Typically core-shell magnetic polydopamine nanoparticles
are synthesized in two steps, that is, the preparation of the magnetic NPs and
subsequently the formation of the PDA shell.”***** In the current work we describe a
facile one-pot synthesis of magnetite nanoparticles coated with PDA (Fe;O4@PDA) via
electrochemical method (see Figure 1). Basically, this strategy consists in the
electrochemical synthesis of magnetite nanoparticles by the oxidation of iron foils
immersed in aqueous solution and the simultaneous self-polymerization of dopamine in
the medium. The polydopamine formed around the nanoparticles acts as stabilizer
avoiding the agglomeration of the resulting nanoparticles. Slight modifications of this
main approach by varying addition order and amount of dopamine added as well as the
reaction time allow the preparation of a range of nanomaterials, where the size of both
the magnetic core and shell can be easily controlled, obtaining a variety of magnetic

behaviors.
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Figure 1. Schematic representation of the one-step synthesis of magnetite nanoparticles
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coated with polydopamine via electrochemical route.

Experimental Section

Synthesis of magnetite nanoparticles coated with polydopamine.

Magnetite nanoparticles were synthetized via electrochemical method at room
temperature following a method previously developed by our group but introducing
several modifications.” Foils of iron (99.5%, Goodfellow) were used as anode and
cathode and placed perpendicular to each other. The foils were immersed in 100 mL of

a NaCl (Panreac) (26 mM) aqueous solution and subsequently the current (50 m Acm?)
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was applied with AMEL model 549 potentiostat/galvanostat during 30 min under
magnetic stirring. Based on this electrosynthesis route, three different procedures were
explored in order to functionalize the surface of the magnetic NPs with polydopamine
(Scheme 1), incorporating a certain amount (from 2 to 60 mg) of dopamine (99%,

Aldrich) to the reaction medium.

E——) ( 1)
dopamine
y
+ -
Fe 30 min
dopamine
W

(3)

Scheme 1. Illustration of the approaches used for the electrochemical synthesis of

Fe;04@PDA nanoparticles.

Subsequently the obtained particles in each approach were magnetically separated from
the solution and washed repeatedly with deionized water. Part of the colloid was dried

under vacuum.

Measurements

The crystalline phase and the size of the crystals of the resulting magnetic nanoparticles

were analyzed by X-ray diffraction in a D5000 diffractometer equipped with a
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secondary monochromator and a SOL-X Bruker detector with Cu-Ko radiation. The
patterns were collected from 5° to 80° 20 with 4° min' scan rate. The diffractograms
were analyzed using the Fullprof suite®® based on the Rietveld method. Transmission
electron microscope (TEM) studies were conducted with a JEOL JEM 1010 operating at
acceleration voltage of 100 kV and a FEG-TEM JEOL JEM 3000 F operating at 300
kV. Uv-vis spectra were recorded on a Perkin-Elmer Lambda 35 spectrophotometer
whereas the FTIR measurements were carried out on a Bruker IFS66v. The
thermogravimetric analysis (TGA) of the coated nanoparticles were conducted with a
TA instruments Q500 with 10 °C min™ heating rate from room temperature up to 900 °C
under air flow. The colloidal properties of the synthesized particles in terms the zeta
potential were studied on a Zetasizer NanoTM, from Malvern Instruments at 25 °C
using 102 M KNO; as background electrolyte. Preliminary magnetic studies were
carried out using a SQUID magnetometer (Quantum Design MPMS XL-5). The
magnetic hysteresis loops of all samples were obtained at 100 K under a maximum
applied field of 50 kOe. The magnetization versus temperature curves, M(T), were
carried out in zero-field-cooling (ZFC) and field-cooling (FC) procedures under an

applied field of 100 Oe.

Results and discussion

In a previous strategy,25

magnetite nanoparticles is typically obtained by Fe
electrooxidation in the presence of a surfactant such as tetramethylammonium chloride,
acting as supporting electrolyte and as coating agent at the same time. As displayed in
Figure 1, the mechanism of formation implies the anode oxidation to ferrous ions and
ferric ions, and also the electrolysis of water. At the cathode, reduction of water takes

place leading OH™ and consequently increasing the pH up to basic values. These OH

diffuse to the anode allowing the formation of Fe(OH); to later be reduced to Fe;O4. In
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those synthetic conditions the surfactant normally added to the mixture, stabilizes the
obtained magnetite nanoparticles. In the present work, the magnetite nanoparticles were
synthesized following this method but using NaCl as electrolyte and dopamine as
coating agent. Since the electrochemical synthesis of magnetic NPs involves alkaline
pH and oxidative conditions it is expected the formation of polydopamine coating at the
surface of the magnetite nanoparticles under those conditions. This is because the
dopamine can self-polymerize at alkaline pH values'® and also in oxidative conditions at
neutral or acidic pH,'* consequently three different strategies were explored in order to
obtain a polydopamine shell.

One strategy (approach 1, Scheme 1) consists in the formation of the core-shell
nanoparticles by two consecutive steps, first the formation of magnetic nanoparticles
and subsequently the addition of dopamine (0.2 mg/mL) to the reaction mixture once
the current was turned off, fact that also decreases the pH of the mixture until pH 7.
Therefore, the polymerization of the dopamine can be only induced by oxidative
compounds present in the mixture such as Fe®".

Recently, it has been investigated the role played by the transition-metal ions, in
particular Ni*", in the polymerization of dopamine in aqueous solution at pH 8.5. Ni*"
ions seem to mediate the polymerization reaction by complexation with dopamine
oligomers that provokes an acceleration of the polymerization.”” In this case an early
polymerization step induced by basic pH is needed because dopamine is not a strong
ligand for Ni*" in water. Herein, Fe’* as transition-metal ions exhibit a positive
reduction potential in contrast to Ni*" and also form complexes with dopamine through
coordination bonds. Therefore, it is expected that Fe’* would mediate the

polymerization from the beginning of the reaction.
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The PDA coating of the nanoparticles was studied analyzing the influence of the
running time when the dopamine was incorporated to the mixture. Immediately after the
addition of the dopamine, the dark mixture turns to dark purple color as a consequence
of the oxidation of dopamine, and then a gradual change to dark was observed. After a
desired time, the nanoparticles and the supernatant were both analyzed separately. The
oxidant induced polymerization of dopamine was monitored by the UV-vis spectra of

the supernatants as depicted in Figure 2.
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Figure 2. a) UV-vis absorption spectra of the supernatant at different mixing times and
the reaction pathways for the formation of polydopamine. b) Proposed mechanism of

the dopamine polymerization.

After 10 min running time when mixed the magnetite NPs with dopamine it is clearly
observed an absorption band at 350 nm due to the formation of quinone which is in
agreement with the proposed mechanism of polymerization (Figure 2b). Besides, an
additional peak is appreciated at 575 nm concomitantly with a shift in the main
absorption band from 279 to 292 nm that can be ascribed to the formation of catechol-
Fe’* complexes®™’. Interestingly, the intensity of the broad band at 575 nm decreases
with reaction time, disappearing completely after 24 h. Simultaneously, the absorption
band at 292 nm shifts back gradually to 279 nm. This indicates that the catechol-Fe**

complex formed at the beginning of the reaction vanishes from the supernatant
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throughout the polymerization and deposition on the surface of the magnetic
nanoparticles. After 24 h a typical spectrum of polydopamine is obtained in the
supernatant.

Once it was shown that the polymerization takes place in the solution under relatively
oxidative conditions due to the present of Fe’*, the magnetite nanoparticles obtained
after 24 h of mixing (Fe;O04@PDA-1 NPs) were characterized in order to determine the
formation of the polydopamine coating on the surface and compared with the naked
particles prepared without the addition of dopamine. Since the magnetite core was first
synthesized under the same experimental conditions as the naked NPs before the
formation of the polymeric shell, it is expected similar diffractograms. In effect, both
diffractograms show similar patterns (Figure 3), where all peaks can be indexed
according to the Fd3m (227) spinel structure. Rietveld analysis results show a lattice
parameter of 8.392 A for the naked NPs and 8.385 A for Fe;04@PDA-1 NPs and
average crystallite size of 25(1) nm and 18(1), respectively. These structures were
refined yielding low agreement factors, Rprage 5.840, Ry = 3.795 and Rpreg 6.328, Rr =
3.730, respectively. The average crystalline sizes calculated from the broadening of the
peak (311) by using Scherrer’s equation were found to be 24 and 22 nm, for the naked
and the coated NPs, respectively, in agreement with that calculated by using Rietveld
method. It is demonstrated that the addition of dopamine does not affect the structure
and size of magnetic nanoparticles because the nucleation and growth of the crystals
occurred in the absence of dopamine. The most important parameter of nucleation and
growing is the temperature,® in this approach it has been maintained constant at 25°C.
Nucleation involves the addition of atoms or molecules to a nucleus having the structure
of the solid. If the nucleus is larger than a certain critical size, it will grow

spontaneously, but if it is smaller than the critical size, the nucleus will be unstable.
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Figure 3. XRD patterns of a) naked magnetite nanoparticles synthesized
electrochemically and b) magnetite nanoparticles coated with polydopamine synthesized
by mixing the NPs with dopamine during 24 h (Fe;O4@PDA-1 NPs). The black dots
represent the observed data and the red lines show the calculated pattern obtained using

the Rietveld analysis. Bragg positions are marked (|).

Regarding the dispersability in aqueous solution, visually the nanoparticles do not
exhibit a good colloidal stability and lead to sedimentation in relatively short time, thus
poor polydopamine coating is expected. Figure 4 shows the TEM images of the naked
magnetite nanoparticles prepared via electrochemical route in a NaCl solution as well as
the nanoparticles obtained after the addition of dopamine followed by 24 h of stirring at
room temperature. In both cases the NPs are quasi-spherical with a mean diameter of 23

+ 4 nm and 20 £ 4 nm in good agreement with those estimated by XRD.
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Figure 4. TEM images and particle size distributions of a) magnetite nanoparticles

synthesized electrochemically and b) magnetite nanoparticles coated with polydopamine

Fe304@PDA—1 NPs.

It is clearly observed in Figure 4b that the magnetic nanoparticles obtained after the
addition of dopamine present a polymeric shell with an average thickness of ca. 2.4 +
0.3 nm (taking into account the shell thickness in different areas of the picture). Besides,
the nanoparticles seem to be a bit more disperse in comparison with the naked magnetic
nanoparticles (Figure 4a). The surface functionalization of the magnetite NPs was also
confirmed by FTIR, TGA and Zeta potential measurements. Additional absorption
bands at 1290 and 1486 cm™ appear in the FTIR spectrum which are ascribed to the v

(C=C) and v (C-N) of the polydopamine coating, respectively (Figure 5).*!
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Figure 5. FTIR spectra of a) naked NPs synthesized electrochemically and b) of
Fe;04@PDA-1 NPs.

However, the TGA and the Zeta potential analyses indicate a poor functionalization.
The amount of polydopamine covering the nanoparticles quantified by TGA was
estimated to be less than 2 wt. % (Figure S1 of Supporting Information). Similarly, Zeta
potential experiments pointed out the low surface modification obtained by this
strategy. Although a displacement of the value from -18 mV for naked NPs to -3 mV in
case of Fe;04@PDA-1 NPs was achieved, negative Zeta potential value indicates an

insufficient surface modification.

In order to favor the self-polymerization of dopamine and the formation of a polymeric
shell around the nanoparticles, the dopamine was incorporated to the mixture at the
beginning of the electrosynthesis of the magnetite NPs following the approach 2
(Scheme 1). In this condition the pH of the solution turns alkaline, pH~11, as a result of
the reduction of water leading OH’, and therefore the polymerization of dopamine can
be induced by both alkaline pH and highly oxidative conditions. Since the magnetite is
simultaneously formed during the process, the size of the magnetic core as well as the

polymeric shell may be strongly affected by the amount of dopamine. Therefore, the
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one step synthesis of core—shell magnetite nanoparticles via simultaneous oxidation of
dopamine and iron was conducted varying the amount of dopamine added to the
electrolyte solution, in particular 0.02, 0.05, 0.1 and 0.2 mg/mL. After 30 min the
resulting magnetic materials were obtained (Fe;O4@PDA-2-0.02mg, Fe;O4@PDA-2-
0.05mg, Fe;04@PDA-2-0.1mg, Fe;04@PDA-2-0.2mg NPs, respectively). It has to be
mentioned that with the addition of 0.2 mg/mL of dopamine, the obtained product
cannot be magnetically isolated possibly due to the poisoning of the electrode by the
PDA and/or the formation of very small nanoparticles. The supernatants of the rest of
the electrosyntheses (0.02, 0.05 and 0.1 mg/mL of dopamine) were then analyzed by
UV-vis spectroscopy and the typical spectrum of PDA was appreciated with very low
absorption intensity as a consequence of low concentration of polymer in the solution
(data not shown). This seems to indicate that the self-polymerization of dopamine takes
place preferentially on the surface of the NPs rather than in solution. Afterward the
obtained magnetic nanoparticles were analyzed by XRD as displayed in Figure 6. As
expected the diffractograms confirm the structure of spinel magnetite (Fd3m) with the
following unit cell parameters and agreement factors calculated by Rietveld refinement:
a=8.371 A, Riprage=5.795, R=3.311 for Fe;O04@PDA-2-0.02mg NPs; a=8.361 A,
Roprage=5.633, R=3.685 for Fe;04@PDA-2-0.05mg NPs. It is observed that the addition
of dopamine at the beginning of the electrosynthesis significantly modified the crystal
size of the magnetic NPs, decreasing the average size with the amount of dopamine
incorporated to the solution, 14.5(6) nm (17 nm calculated by Scherrer) and 11.7(4) nm
(8 nm calculated by Scherrer) for the addition of 0.02 and 0.05 mg/mL of dopamine,
respectively. With the incorporation of 0.1 mg/mL the obtained nanoparticles were
rather small and cannot be accurately measured, but comparing with the literature the

size should be less than 5 nm™. These results are expected since the self-polymerization
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of dopamine can occur on the surface of the iron oxide NPs that are formed during the
process, impeding by this way the growing of the NPs. In addition, the polydopamine
chains formed in the solution can also be adhered to the surface of the NPs. Contrary to
the previous strategy (Approach 1) the polymerization of dopamine takes place during
the nucleation and growth of the particles and consequently the polydopamine adheres

to the surface of the growing NPs strongly affecting the size of the final NPs.

@311)

- (511)
- (440)

~ (400)

Intensity (a.u)
. < (111)
e - (220)

Figure 6. XRD patterns of magnetite nanoparticles synthesized electrochemically by
approach 2: a) Fe;04@PDA-2-0.02mg, b) Fe;04@PDA-2-0.05mg and c) Fe;04@PDA-
2-0.1mg. The black dots show the observed data and the red lines show the calculated
pattern obtained using the Rietveld analysis. Bragg positions are marked (]).

To further investigate the development of polydopamine coating on the surface of the
magnetite nanoparticles, the morphology of the magnetic materials was characterized by

TEM. Figure 7a) shows that the resulting Fe;O4@PDA-2-0.02mg NPs forms aggregates

with a clearly visible polymeric shell of 2.4 + 0.4 nm around the clusters of

nanoparticles.
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Figure 7. TEM images of magnetite nanoparticles synthesized electrochemically by
approach 2: a) Fe;04@PDA-2-0.02mg, b) Fe;04@PDA-2-0.05mg and c) Fe;04@PDA-
2-0.1mg.

Indeed, increasing the percentage of dopamine in the reaction medium leads to a
dramatic diminishment of the NPs size, in agreement with XRD measurements, as well
as the formation of large polymeric coating, appearing as a surrounding gray cover as
depicted in Figure 7b and 7c. The huge coverage is very heterogeneous and involves
groups of magnetite nanoparticles, making difficult the accurate measurement of the
particle size by TEM. FTIR also confirms the present of polydopamine covering the

NPs with two new bands at 1486 and 1290 cm™ (Figure S2 of Supporting Information).

Furthermore, Zeta potential measurements demonstrate the increase in the polymeric
coating with the amount of dopamine added to the mixture. All the synthetized NPs are
positively charged as a consequence of the polydopamine coating and the Zeta potential
augments from +7 to +29 mV for the sample Fe;04@PDA-2-0.02mg and Fe;04@PDA-
2-0.1mg, respectively, corroborating the coverage increase. Table 1 summarizes the

Zeta potential as well as the TGA results obtained for all the NPs.
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Table 1. Zeta potential values, weight percentages of polydopamine and particle sizes

(D) obtained for the polydopamine coated magnetite nanoparticles.

Sample Zeta wt. % DDRE] p"™M

(mV) polymer (nm) (nm)

Fe;04@PDA-1 -3 2 18(1) 21+£5
Fe;04@PDA-2-0.02mg +7 2 14.5(6) [b]
Fe;04@PDA-2-0.05mg +29 11 11.7(4) [b]
Fe;04@PDA-2-0.1mg +29 20 [b] [b]

Fe;04@PDA-3-0.2mg +20 3 18(1) 15+4
Fe;04@PDA-3-0.4mg +22 3 17.6(4) 1643

Fe;04@PDA-3-0.6mg +21 3 16.4(8) 174

[a] calculated by Rietveld analysis. [b] not accurate estimation

Thermogravimetric analysis under air atmosphere was carried out to quantify the
polymeric coating created around the magnetic nanoparticles. As can be clearly seen in
Table 1 and Figure S3 (see Supporting Information) the content of polydopamine
increases with the amount of dopamine incorporated into the reaction up to ~20 wt. %.
Clearly it has been demonstrated that the one step synthesis of PDA coated magnetic
nanoparticles can be successfully carried out in a simple manner. The dopamine self-
polymerizes simultaneously during the electrosynthesis of magnetite leading to
nanoparticles with a large polymeric coverage. The size of the NPs and the percentage
of PDA can be tuned in some extend by varying the content of dopamine added to the
reaction mixture. In addition, the experiments were easily repeated and showed good
reproducibility. However, the size of the magnetic nanoparticles dramatically decreases,
fact that can affect the magnetic properties of the materials.

In order to study the nanoparticle size influence in the magnetic properties, magnetic

measurements had been carried out. Magnetic hysteresis loops at 100 K, depicted in
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Figure 8, show a near magnetic saturation for all samples. It is worth noting that despite
the nanoparticle size decreases from 25 nm, in sample without polymer, to 11.7 nm, in
Fe;04@PDA-2-0.05mg, the magnetic saturation moment is almost the same. The Mg

values were obtained after fitting the high magnetic field region to M(H)=Mg+y4H,

where Mg is the zero field saturation magnetization and 4 the high field differential
susceptibility. The results obtained, 78.5(1), 81.2(1) and 75.0(1) emu/g for naked,
Fe;04@PDA-2-0.02mg and Fe;04@PDA-2-0.05mg samples, respectively, show a
independence particle-size magnetic saturation with values near to the bulk material (92
emu/g)*® and very similar to previously reported values for magnetite NPs.>* On the
other hand, Fe;04@PDA-2-0.1mg shows a magnetic moment four time lower, 14.3(1)
emu/g, that could be due to the spin disorder in the surface and in agreement with
reported values for nanoparticles with similar sizes.”> The inset of Figure 8 shows a
zoom of hysteresis loops. As it can be observed, the coercivity field decreases with the
polymeric coverage from 175, 78, 9 and 4 Oe for naked NPs, Fe;04@PDA-2-0.02mg,
Fe;04@PDA-2-0.05mg and Fe;O4@PDA-2-0.1mg, respectively. This progress points
out the magnetic evolution from a superferromagnetic to a superparamagnetic
behavior.”> The zero-field-cooling (ZFC) and field-cooling (FC) curves of
Fe;04@PDA-2-0.05mg and Fe;O04@PDA-2-0.1mg at 100 Oe, displayed in Figure 9,
present a characteristic nanoparticle behavior. Fe;04@PDA-2-0.1mg shows a blocking
temperature around 91 K confirming the superparamagnetic behavior above this
temperature.”> Whereas Fe;0,@PDA-2-0.05mg ZFC-FC curves shows a large dipolar

interaction between nanoparticles, exhibiting a badly defined blocking temperature.
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Figure 8. Hysteresis loops at 100 K, M(H), measured for naked NPs (black line),
Fe;04@PDA-2-0.02mg (red line), Fe;04@PDA-2-0.05mg (blue line) and Fe;O4@PDA-

2-0.1mg (green line). The inset shows a zoom of the low magnetic field.
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Figure 9. ZFC/FC curves for Fe;04@PDA-2-0.05mg (blue line) and Fe;O4@PDA-2-
0.1mg (green line) measured with H = 100 Oe.

Subsequently another approach was explored to obtain water dispersible magnetic
nanoparticles with a more homogeneous polydopamine shell and preserving the size of
the magnetic core, approach 3. Specifically the electrosynthesis of magnetite

nanoparticles was first started and after 20 min the dopamine was incorporated to the
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solution maintaining the current during 10 min, that is, 30 min of total time. In a first
attempt 0.2 mg/mL of dopamine, as in the previous approaches, was added to the
mixture. XRD measurement (see Figure 10) shows all the peaks assigned with the
spinel structure and a crystal size of 18 nm (calculated by both Rietveld’s and Scherrer’s
methods), smaller than that obtained for the naked particles, 25 nm. Therefore, the
incorporation of the dopamine once the process of the magnetite synthesis has been
already started, leads to a reduction of the particle size but less dramatic as compared
with its addition at the beginning of the synthesis. Then, we can assume that the
magnetite nanocrystals are mainly formed during the first 20 min of the
electrosynthesis. The subsequent addition of dopamine only affects slightly the growing

process, lowering the crystal size but in less extend compared with the Approach 2.

(311)
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- (511)
- (440)

Intensity (a.u)

20 30 40 50 60 70 80

Figure 10. XRD patterns of magnetite NPs synthesized electrochemically by approach
3: a) Fe;0,@PDA-3-0.2mg (a=8.373 A, Rprage=7.396, R=4.307), b) Fe;04@PDA-3-
0.4mg (a=8.370 A, Rp.e,=6.846, R=3.821) and c) Fe;0,@PDA-3-0.6mg (a=8.373 A,
RBragg=9.266, R=6.071). The black dots show the observed data and the red lines show

the calculated pattern obtained using the Rietveld analysis. Bragg positions are marked

-
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The particles size determined from the TEM measurements is ~15 + 4 nm which is in
agreement with the size obtained from XRD. Additionally, the TEM micrographs shows
a relatively good homogeneity and low aggregation of nanoparticles in which a
polymeric layer with a thickness of ca. 3.3 £ 0.5 nm is easily distinguished around them

(Figure 11a).
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Figure 11. TEM images and particle size distribution of magnetite NPs synthesized
electrochemically by approach 3: a) Fe;O4@PDA-3-0.2mg, b) Fe;04@PDA-3-0.4mg
and c) Fe;04@PDA-3-0.6mg.

FTIR experiments also confirm the presence of PDA in the magnetic materials with the
appearance of bands corresponding to the polymer (Figure S4 of Supporting
Information). Although the percentage of PDA that covers the NPs estimated by TGA
did not exceed the 3 wt. % (see Figure S5 of Supporting Information), Zeta potential
measurements demonstrated a relatively good colloidal stability in aqueous solution
with value of ca. +20 mV (Table 1). With the purpose of increasing the thickness of the
polydopamine layer without altering the size of the magnetic core, higher amounts of
dopamine, 0.4 and 0.6 mg/mL, were incorporated to the electrosynthesis medium after
20 min of reaction following the approach 3. The XRD and TGA measurements of the
resulting magnetic nanoparticles demonstrated that increasing the content of dopamine

produces neither an obvious decrease of the magnetic core nor a significantly increase
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in the thickness layer, as can be seen in Table 1 and Figures 10. Only a slightly
increases in the thickness layer is appreciable in the TEM image, 5.3 £ 0.5 nm and 5.0 +

0.8 nm for the Fe;04@PDA-3-0.4mg and Fe;04@PDA-3-0.6mg NPs, respectively.

Figure 12 shows the magnetic hysteresis loops of naked and Fe;O4@PDA-3-0.4mg
NPs. The shape of both is similar but the magnetic saturation moments changes
noteworthy, from 78.5(1) to 60.2(1) emu/g. This decrease is normally associated to the
nanoparticle decrease, in this case from 25 nm for naked to ~18 nm for polymer coated
nanoparticles, see Table 1. The decrease of nanoparticle size entails an increase of
surface-volume ratio and surface effects are enhanced, where the spins are usually
misaligned. However, it is reported in previous work®® that there is an electron transfer
from the dopamine to the octahedral Fe sites located at the surface of the NP that could
lead to significant changes in the magnetic properties. For instance, this can introduce
some kind of disorder in the surface, inhibiting the spin orientation and reducing the
magnetic saturation moment. In the same way, the coercivity field decreases from 179

Oe for naked NPs to 115 Oe for Fe;04@PDA-3-0.4mg (see inset of Figure 12).
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Figure 12. Hysteresis loops, M(H), measured for naked NPs (black line) and
Fe;04@PDA-3-0.4mg (red line). The inset shows a zoom of the low magnetic field.

These changes in magnetic properties as a consequence of the polydopamine coating is
more notable in samples synthesized by approach 3 because the polydopamine tends to

cover individual NPs rather than groups of NPs as in the approach 2.

Conclusions

In summary, we have presented the one step synthesis of magnetite nanoparticles coated
with polydopamine via electrochemical route. This strategy allows the preparation of
magnetite nanoparticles in a very simple and rapid manner. The reaction conditions,
alkaline pH and oxidative environment, also favor the self-polymerization of dopamine
simultaneously with the magnetite formation. It has been demonstrated the versatility of
this strategy, in which different approaches can be carried out tuning the size of both the
core and the polymeric shell. On one hand, approach 1, in which the polymerization of
dopamine only involves oxidative conditions by Fe*" ions, conducts to a thin polymeric
coverage. Besides, the incorporation of dopamine does not modify the magnetic core, as
it was added at the end of the electrosynthesis. Second approach leads to a significant
decrease in the NPs size concomitantly with the formation of the PDA layer coating
clusters of NPs. As the polymerization of dopamine takes place at the same time as the
nucleation and growth of the magnetite nanocrystals, the final size of the core is
strongly affected. Finally, in the third approach the dopamine polymerization starts once
the magnetic nanoparticles are almost formed. As a result the size of the core does not
diminish significantly and this strategy allows the coverage of individual NPs. The

variety of obtained magnetic materials from individual nanoparticles to cluster of
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nanoparticles, together with the outstanding properties of polydopamine make this

method very attractive for a wide range of applications.
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