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Abstract: Magnetite nanoparticles and clusters of nanoparticles have been of Increasing scientific
interest in the past decades. In order to prepare nanoparticles and clusters that are stable in suspension,
different coatings have been used. Phosphates and phosphonates are a preferred anchoring group for
the coating of magnetite nanomaterials. However, poly(vinylphosphonates) have rarely been used as
a coating agent for any nanoparticles. Here, poly(methylvinylphosphonate) and other substituted
polyvinylphosphonates are described as new coatings for magnetite nanoparticles and clusters. They
show great stability in aqueous suspension. This is also the first time phosphonate-coated magnetite
clusters have been synthesized in a one-pot polyol reaction. The coated magnetite nanoparticles and
clusters have been characterized by TEM, EDX, FTIR, magnetization measurement, XRD as well as
XPS. It has been shown that substituted vinylphosphonates can be easily synthesized in one-step
procedures and as a polymeric coating can imbue important properties such as stability in suspension,
tight binding to the particle surface, the ability to be further functionalized or to tightly adsorb metal
ions. For the synthesis of magnetite clusters the cluster formation, polymerization and coating are
done in a one-pot reaction and the resulting magnetite clusters show a higher amount of phosphonate
coating than with a three-step procedure including a ligand exchange.

Keywords: magnetite nanoparticles; magnetite clusters; coating; phosphonates; substituted
poly(vinylphosphonates)

1. Introduction

Magnetite nanoparticles (MNP) are a field of research that has been increasingly
growing, especially in the last two decades [1]. They offer unique properties thanks to
their size [2], like a high reactivity because of a large surface-to-volume ratio, as well as
superparamagnetism. Magnetite is the most commonly used material for the synthesis
of magnetic nanostructures thanks to its high saturation magnetization (the highest of
all single metal oxides) as well as relative chemical stability (compared to nanoparticles
made of metals such as Fe, Co, Ni). These properties lead to magnetite nanoparticles
finding applications in diverse fields such as catalysis [3], data storage [4], magnetic
separation [5], wastewater purification/depollution [6], magnetorheologic fluids [7], and
biomedicine [8,9].

Depending on the application and the properties required by it, magnetite nanopar-
ticles can be synthesized by multiple routes [10], some of the most common ones being
co-precipitation [11], hydrothermal synthesis [12], thermal decomposition [13], polyol
reaction [14], microemulsion [15], or combustion [16].
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For some applications, single nanoparticles are not the best option to use. This is
especially the case when larger sizes (>~20 nm) are required while keeping the particles
superparamagnetic or having a high surface. Magnetite clusters are ideal for these applica-
tions because they consist of smaller, individual particles which are superparamagnetic
and keep this property even when clustered together [17–21]. Furthermore, depending
on the synthesis procedure the space between the single particles allows them to retain a
very high specific surface compared to single particles of the same size [22]. In addition,
synergistic effects in the particle-particle interactions also increase the saturation magneti-
zation of the obtained material [23–26]. Magnetite clusters can be principally synthesized
in two ways [17,18,21], the first being a two-step process, in which the magnetite particles
synthesized in the first step are clustered together in the second step. This is often done
by a mini-emulsion process [27]. A single-step process combines nanoparticle formation
with clustering in the same step; this is normally done in a polyol process [14]. The polyol
reaction is a reduction of metal salts by polyols such as ethylene glycol at elevated tem-
peratures and has been usually used to prepare metal nanoparticles [28]. For iron salts,
the reduction generally proceeds only to magnetite and is normally (but not always [23])
done under solvothermal conditions. Many different coating agents such as polyacry-
late [29], poly(vinylpyrrolidone) [30], acetate [31], oleate [32], ethylenediaminotetraacetate
(EDTA) [33], polyethylene glycol (PEG) [34], citrate [35,36] or others have been used, and
the properties such as cluster- and particle size can be controlled by varying reaction condi-
tions such as solvent composition [37,38]. However, neither phosphates nor phosphonates
have been described yet as a coating agent in the polyol synthesis of magnetite clusters.

Nanoparticle coatings play an important role in synthesis for their future appli-
cations [39,40], influencing parameters such as stability in suspension [41], hydropho-
bic/hydrophilic behavior [42], functionality for pollutant removal [43], catalytic activ-
ity [44], activity for biomedical applications [45–47], or future functionalization [48]. The
coatings are normally supposed to stay anchored on the particle surface, as otherwise, they
would lose much or all of their functionality, but this is not always easy [29]. Ideally, the an-
choring should be done covalently [49], but especially for bare iron oxides, it can commonly
only be done ionically or by complexation, which forms weaker bonds [50]. One strategy to
overcome this is by using multiple functional groups in the same coating molecule, such as
citrate or polyacrylate which offer multiple carboxylate groups to anchor to the particle
surface [51]. Another strategy is to use functional groups as anchors that bind very tightly,
such as thiol groups for silver- and gold nanoparticles [52]. For magnetite, phosphate and
phosphonate groups fulfil this role very well [53–55]. It has been shown that phosphate
groups bind better to the magnetite surface than sulfonate—or carboxylate groups [56–59],
and traditionally only weakly complexing coating agents such as polyethylene glycol
have shown improved binding capabilities by being functionalized with phosphate- or
phosphonate groups [60,61]. Further, thanks to the negative surface charge of polyanionic
groups the stability in the aqueous suspension of nanoparticles coated with them tends to
be higher than the stability of nanoparticles coated with nonionic/monoionic coatings [62].

There have been attempts to coat magnetite nanoparticles with polymers contain-
ing one or multiple phosphonate or phosphate groups [63–65], but one of the most
simple classes of polymers containing phosphonate groups, poly(vinylphosphic acids),
has been mostly [66] overlooked. Not even other types of nanoparticles coated with
poly(vinylphosphonic acids) have been described much in the literature, and if so, only
poly(vinlyphosphonic acid) has been used either as homopolymer [67] or in the form of a
copolymer [68]. There can be several reasons for that, but probably the price (EUR 424 per
gram at Aldrich for simple poly(vinylphosphonic acid)) and the commercial unavailability
of substituted poly(vinylphosphonic acids) plays some role. By adding extra functionality
to phosphonate containing polymers [69] multifunctional stable coatings for nanoparticles
could be created.

This lack of use of poly(vinylphosphonates) as a coating is unfortunate, as the potential
benefits of large stability of the coating due to multiple strongly binding functional groups,
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as well as the stability in aqueous suspension due to electrostatic repulsion are obvious.
This article aims to show that substituted poly(vinylphosphonic acids) can be synthesized
cheaply and in large quantities, and used as a coating for both magnetite nanoparticles as
well as magnetite clusters. Poly(vinylphosphonate) coated magnetite clusters have been
synthesized for the first time in a one-pot reaction, and their properties are characterized
by TEM, EDX, FTIR, XRD, magnetization measurements as well as XPS.

2. Materials and Methods
2.1. Chemicals

Chemicals were obtained from Sigma-Aldrich or Alfa Aesar in analytical or pure grade
quality and were used without further purification.

2.2. Syntheses

Methylvinylphosphonic acid (MVPA 1):
To phosphorous acid (41 g, 0.5 mol) in a 250 mL two-necked flask fitted with a

thermometer was added acetic anhydride (100 g, 0.8 mol) and acetic acid (40 g, 0.67 mol)
and stirred until everything dissolved. Afterward, acetone (35 g, 0.6 mol) was added
dropwise, keeping the temperature below 40 ◦C (cooling with a water bath when necessary).
After addition, the temperature was raised to 55 ◦C for 1 h, then to 100 ◦C for another hour.
The flask was placed in a distillation setup and acetic acid was distilled off at 150 ◦C oil bath
temperature. When nothing further distilled off at ambient pressure, a vacuum (~20 mbar)
was applied and the bath temperature was raised to 170 ◦C until nothing more distilled off.
The remaining viscous dark brown oil is a mixture of product 1 and its anhydride 1b (ratio
ca. 2:8 by 31P NMR). To hydrolyze it, water (54 mL) was added and the mixture refluxed
for 2 h to obtain a 50% aq. solution of methylvinylphosphonic acid 1.

The sodium salts 1c and 1d could be obtained by adding either 1 or 2 equivalents of
50% NaOH solution, precipitating with acetone, filtering and drying the precipitate.

1H-NMR (D2O, 500 MHz) [70]: δ[ppm] = 5.56–5.41 (m, 2H, C=CH2), 1.67 (dd, 3H,
J1 = 14.3 Hz, J2 = 0.7 Hz, CH3). 13C-NMR (D2O, 125 MHz): δ[ppm] = 136.1 (d, J = 169.6 Hz,
C-PO3H2), 127.9 (d, J = 9.9 Hz, C=CH2), 17.8 (d, J = 13.2 Hz, CH3). 31P-NMR (D2O,
202 MHz): δ[ppm] = 18.25.

The 31P-NMR signals (ppm) are 9.38 for the diphosphonic acid 1b, 12.84 for the
monosodium phosphonate 1c (compare with [71] for the monobenzylammonium salt;
7.07 for the corresponding diphosphonate) and 14.71 for the disodiumphosphonate 1d
(7.03; fo, r the corresponding diphosphonate).

Poly(Methylvinylphosphonate) (PMVP 6):
Methylvinylphosphonic acid 1 (~50%, 20 g) was heated with NaOH (3.276 g) to 70 ◦C

for 24 h and portionwise 2 g ammonium persulfate was added over this time while stirring.
Finally, 19.945 g of solution was obtained.

PMVP Coated Magnetite Nanoparticles 7:
A solution of FeCl3·6H2O (3.028 g, 8 mmol) and FeCl2·4H2O (1.084 g, 4 mmol) in

water (16 mL) was made and degassed by bubbling Ar gas through it. Ammonia solution
(40 mL, 25%) was degassed in a 100 mL 3-necked flask fitted with a thermometer and con-
denser, then heated to 80 ◦C. The iron chloride solution was quickly added and the reaction
stirred for 3 h at the same temperature, then 7.156 g of the poly(methylvinylphosphonate)
solution 6 was added and the mixture stirred for another 3 h. After magnetic separa-
tion, the sample was washed with water (3×). The sample was precipitated by adding
1:1 acetone and magnetically separating overnight, then suspended in water (17.5 mL) to
obtain a suspension of 1.046 g/mL density and 73.4 g/L concentration. An aliquot was
dried in an oven (60 ◦C) to obtain samples for characterization.

One Pot Solvothermal Reaction to Get PMVP Coated Magnetite Clusters 12:
FeCl3·6H2O (1.085 g), NaOAc (2.88 g) and ethylene glycol (EG, 40 mL) were stirred

for 10 min and then heated to reflux. The mixture turned darker slowly, and when it was
completely black at 2 h, disodium methylvinylphosphonate 1d (300 mg) was added. The
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mixture was refluxed for another 6 h, cooled down, washed with EtOH (2×), water (3×)
and magnetically separated, then dried in an oven (60 ◦C) to obtain 345 mg of a brown
powder.

2.3. Characterization

Magnetic characterization of the samples at room temperature was performed using a
Vibrating Sample Magnetometer (VSM) Cryogenic.

The size and shape of most of the nanostructures were examined by scanning trans-
mission electron microscopy (STEM) with a Hitachi HD2700 equipped with a cold field
emission gun, Dual EDX System (X-Max N100TLE Silicon Drift Detector (SDD)) from Ox-
ford Instruments. For the analysis, a suspension of the samples was sonicated (<10 s) with a
UP100H ultrasound finger and deposited by the droplet method on a 400-mesh copper grid
coated with a thin carbon layer. For both types of analysis, the nominal operating tension
was 200 kV. For samples 7, 10 and 11, a 1010 JEOL transmission electron microscope was
used instead. The size of the nanoparticles and clusters was determined using the ImageJ
software from 26–302 particles/clusters.

A SPECS XPS spectrometer equipped with an Al/Mg dual-anode X-ray source,
a PHOIBOS 150 2D CCD hemispherical energy analyzer, and a multichanneltron detector
with vacuum maintained at 1 × 10−9 Torr was used to record the XPS spectra. The Al Kα

X-ray source (1486.6 eV) was operated at 200 W. The XPS survey spectra were recorded at
30 eV pass energy and 0.5 eV/step. The high-resolution spectra for the individual elements
(Fe, C, O, P, Er, Eu) were recorded by accumulating 10 scans at 30 eV pass energy and
0.1 eV/step. Data analysis and curve fitting was performed using CasaXPS software with
a Gaussian-Lorentzian product function and a nonlinear Shirley background subtraction.
Peak shifts due to any apparent charging were normalized with the C1s peak set to 284.8 eV.
The high-resolution spectra were partly deconvoluted into the components in order to
determine the particular bond types present on the sample surface.

Fourier transform infrared (FTIR) spectra of samples 8, 14 and 16 were recorded using
a JASCO FTIR 4600A spectrophotometer with ATR-PRO-ONE accessory, CO2-, H2O-, ATR-
and baseline-corrected as well as normalized for better visibility of the bands. FTIR of all
other samples was done with KBr pellets using a JASCO FTIR 610 spectrophotometer. The
spectra were baseline-corrected for better visibility of the bands.

The NMR experiments were performed at 500 MHz for 1H, 125 MHz for 13C and
202 MHz for 31P, on a Bruker Avance III spectrometer. The NMR spectra were recorded in
solution and all chemical shifts were measured relative to the respective solvent signal.

X-ray powder diffraction (XRPD) measurements were performed with a Bruker D8
Advance X-ray diffractometer, with a Ge (111) monochromator for Cu-Kα1 radiation
(λ = 1.5406 Å) having the source power of 40 kV and 40 mA, at room temperature and
LynxEye position-sensitive detector. Crystallite sizes were determined using the Scherrer
equation [72]. Additional reference from supporting information: [73,74].

3. Results and Discussion
3.1. Synthesis and Polymerization of Vinylphosphonates

There exist multiple different routes to prepare vinylphosphonic acids [75–77]. For
1-methylvinylphosphonic acid 1, several different procedures exist starting from cheap
acetone by reacting it with a trivalent phosphorous compound and subsequent dehydration.
We decided to use a method employing phosphorous acid [78] (Scheme 1, (1)) instead of
phosphorous trichloride [70] as it is less corrosive and does not produce HCl as byproduct.
The initial product was a mixture of 1 and its anhydride 1b. The anhydride 1b (diphos-
phonic acid) could be hydrolyzed to 1 by heating an aqueous solution of the mixture.
This aqueous solution was then used for further synthesis. Water-free methylvinylphos-
phonate could be obtained in the form of its monosodium or disodium salt (1c or 1d)
by adding sodium hydroxide and precipitating the salt with acetone. The different salts,
diphosphonates as well as the free acid were easily distinguished by 31P-NMR.
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Another often described vinylphosphonic acid is 2-phenyldivinylphosphonic acid
2 [79–81]. It was synthesized according to Gulyukina et al. [82] from acetophenone with
PCl3, (2) and aside from a relatively long crystallization time was easy to obtain.

Since other substituted phenylvinylphosphonic acids had been synthesized by the
same method, it was then attempted to prepare 2-(p-propargyloxyphenyl)vinylphos-
phonic acid from the respective acetophenone by the same method, however, under the
reaction conditions a polymerization occurred, and the attempt was aborted. It was possible
to synthesize 2-(p-hydroxyphenyl)phosphonic acid 3 from p-hydroxyacetophenone (2),
however, the product did not crystallize and had to be obtained as an impure salt (the main
impurity being sodium chloride) by evaporation of the neutralized solution.

Vinylphosphonic acids can also be prepared in different ways. According to Macomber
et al. [83] allenylphosphonic acid 4 was prepared by a rearrangement from propargyl
alcohol (3). It should be noted here that at least the allyloxyphosphonic dichloride has been
reported as explosive [84], so care should be taken and intermediates not isolated.

Like allenylphosphonic acid 4, the phosphonic acid 5 obtained by reaction of mesityl
oxide with phosphorous trichloride possesses two double bonds. The compound was
synthesized according to [85,86] in impure form (4), as described there. The presence
of a second double bond in 4 and 5 might make it possible to obtain coatings that have
additional functionality, for example by the thiolene reaction.

The polymerization of 2-methylvinylphosphonic acid 1 was done in water using am-
monium persulfate as an initiator (5). The polymerization went sluggishly, so more initiator
was added over time. Even after 24 h, the polymerization was not complete, as could be
seen from discrete peaks still appearing in the 31P-NMR spectrum. Since for nanoparticle
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synthesis the coating agent is added in excess anyway, and a polymer containing multiple
phosphonate binding groups [65] binds stronger to the magnetite surface than a monomer
containing only one phosphonate group, poly(2-methylvinylphosphonic acid) 6 was used
further in this way.

3.2. Synthesis and Characterization of Magnetite Nanoparticles

For the synthesis of magnetite nanoparticles, the coprecipitation method was used.
One of the advantages of the coprecipitation method for the synthesis of magnetite
nanoparticles is that the synthesis procedure can be easily adapted to obtain either bare
MNP or MNP with a specific coating, as the reaction is done in a one-pot two-step
way, with the second step consisting of the addition of the ligand for coating. Thus
poly(2-methylvinylphosphonate) coated MNP 7 was synthesized according to a well-
known procedure (Scheme 2, (6)) [87], replacing the coating agent with the previously
obtained polymer 6. For comparison, bare MNP 8 was also synthesized (7). The obtained
MNP 7 were well-dispersible in water, and the suspension was stable enough to behave as
a magnetic fluid when moved with a magnet (as opposed to just the MNP moving without
the water), and even after years, a portion of the MNP 7 was still suspended in water.
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In order to demonstrate the usefulness of these particles, Gd-, Tb-, Er- and Eu-ions were
then adsorbed on the surface to obtain rare earth-PMVP-magnetite composite nanoparticles
9 (8). Rare earth ions have multiple uses in biomedicine [88], for example they can serve
as a contrast agent for MRI, and as a fluorescent probe. In ionic form, rare earth metals
are normally toxic, and thus to be used in the human body they have to be enclosed in a
well-binding complex. Phosphates and phosphonates however bind also very strongly to
rare earth ions, and thus leaching does not occur [89] even without complexation.

The synthesis of MNP coated with PMVP by coprecipitation 7 was done successfully.
TEM (Figure 1) proved that the magnetic nanoparticles successfully formed. The nanoparti-
cles are small, generally about 10 nm (Table 1), though some larger particles can also be
found, making the sample polydisperse. The synthesized bare MNP 8 show a similar mor-
phology, which means that the addition of PMVP only caused a coating, not a reforming
of the MNP. For the MNP 9 with adsorbed rare earth metals, the morphology is the same
as for 8 and 7. For 9a and 9b, with Gd and Er, respectively, EDX measurements were also
performed (Figure S1). Besides iron and oxygen, both samples showed significant amounts
of phosphorus and gadolinium/erbium as well, proof that the coating is anchored well to
the surface of the nanoparticles and that adsorption of the rare earth ions has taken place.
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Table 1. Average size of the particles and clusters as measured from TEM, and crystallite size as
determined by the Scherrer equation (XRD).

Entry Size (TEM) [nm] Crystallite Size (XRD) [nm]

7 9.8 ± 3 11.3

8 12.0 ± 3.4 26.9

9a 10.4 ± 2.9

9b 12.5 ± 3.4

10 300 ± 102

11 299 ± 79 13.7

12 149 ± 32 19.4

13 61 ± 21 10.9

14 41 ± 9

15 52 ± 11

16 59 ± 12 19.0
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FTIR spectroscopy of MNP 7, 8 and 9 (Figures 1 and S2) show bands at ca. 550–570 cm−1,
but none at or slightly higher than 635 cm−1 which is proof that magnetite and not
maghemite has formed [90,91]. A broad band at 3000–3500 cm−1 stems from ν(O-H),
partly from hydroxygroups bound to the magnetite surface, and (for 7 and 9) possi-
bly from phosphonate groups. In 7 and 9 there are also bands at 2919 and 2854 cm−1

from ν(C-H) of PMVP; however, there is no ν(C-H) band at >3000 cm−1, which means
that no methylvinylphosphonate monomers have attached to the MNP. A band at ca.
1150–1000 cm−1 points at ν(P=O) from the phosphonate groups. These bands signify the
successful coating of the MNP with PMVP. The spectra of 7, 9a, 9b, 9c and 9d show no
great differences, which means that the attachment of rare earth ions underwent without
changes in the structure of the coating. It is likely that the phosphonate groups not already
attached to the magnetite surface existed at least partially in anionic form (with ammonium
or sodium as counterions), and these counterions were simply exchanged for the rare earth
ions. It also means that there is no visible difference in the interaction of the different rare
earth metal ions with the phosphonate coating.

Magnetization measurements (Figures 1 and S3) of MNP 7, 8 and 9 showed that
all samples were superparamagnetic, with saturation magnetizations of 74 (8), 63.7 (7),
63.7 (9a), 62.9 (9b), 63.2 (9c) and 63.8 (9d) emu/g. The comparatively large decrease of
saturation magnetization between 8 and 7 is additional proof that the coating of MNP with
PMVP has been successful. Between 7 and 9 the saturation magnetizations do not decrease
as much—many phosphonate groups are likely bound to iron ions, and the rare earth ions
do not have many free phosphonate groups to bind with. Hence, the amount of rare earth
metal ions that are bound to the MNP by PMVP is likely relatively low.

XRD was measured for samples 7 and 8 (Figure S8a), and show typical peaks for
spinel ferrites. Under the conditions used here, XRD by itself cannot distinguish between
magnetite and maghemite, but taking into account the results from FTIR, magnetization
and XPS measurements it is clear that the nanoparticles are magnetite.

The size distribution was determined both by TEM as well as XRD using the Scherrer
equation (Table 1). The sizes determined by TEM do not differ notably, as was to be
expected. Interesting is that the crystallite sizes determined from XRD patterns of 7 (11.3)
and 8 (26.9 nm) do differ by a large amount, while the sizes by TEM (9.8/12.0 nm) do
not differ that much. For an explanation it helps to keep in mind that the samples are
polydisperse (which stems from the synthesis method, coprecipitation) and that while
from TEM you can determine a number average of sizes (by measuring the diameter of
the particles), from the Scherrer equation one would actually get the root (mean-4th-power
divided by mean-square) of sizes [92]. The latter value takes into account far more the
outliers with large sizes. From these results, one can see that by coating the magnetite
nanoparticles with PMVP, their size decreases slightly, while at the same time also making
them less polydisperse.

The MNP 7, 9b and 9d were also analyzed by XPS. The Fe2p core-level spectra of
MNP (in Figure 2 is shown by way of example the Fe2p spectrum of 7) consists of the
Fe2p1/2 (724.7 eV) and Fe2p3/2 (711.3 eV) contributions, along with their satellites. It can
be further deconvoluted into contributions of tetrahedral and octahedral Fe3+, as well as
octahedral Fe2+, according to the magnetite crystal structure (inverse spinel [93]). Using
these peak areas, a ratio of Fe3+/Fe2+ can be calculated. In bulk magnetite, this ratio should
be 2; however, in our samples, the ratio determined was 2.2. This is not surprising, as XPS
is a surface analysis method and a slight deviation of the ideal ratio for surface ions is to be
expected and in fact, has been found before for MNP synthesized by co-precipitation [87].
The C1s spectra can be deconvoluted into three components, a C–C component (284.8 eV),
a C-P component at 286.2 eV as well as a component at 288.7 eV that represents carbonyl or
carboxyl-C and is most likely contamination. The ratio of C–C/C–P component is 1.9, which
is close to the expected ratio of 2 for PMVP. For the O1s core-level spectra (Figures 2 and S4)
three components can be identified, an O-Fe/O-metal contribution at 530.5 eV, an O-P
contribution at 531.4 eV and a C=O contribution at 533.7 eV, which represents the same
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contamination found in the C1s spectra. The ratio O-Me/O-P changes from 1.5 (7) to 1.7 (9b)
and 1.7 (9d). This is also proof that rare earth metal ions bound to the phosphate groups,
increasing the relative amount of O-Me bonds. Interesting are the P2p core-level spectra.
The peak maximum changes from 133.6 eV (7) to 133.1 eV (9b). The P2p peaks contain
contributions of both P2p1/2 and P2p3/2, which likely contain contributions of multiple
components according to the binding of the respective phosphonate group and are difficult
to deconvolute. Unfortunately, there is little literature data comparing P2p spectra peak
shifts of phosphonates according to binding state; however, for phosphates and phosphoric
acid, which are similar, such a study has been done [94]. It has been found that a gradual
replacement of hydrogen in phosphoric acid with sodium in phosphates causes the P2p
peak to shift to lower energy. Furthermore, in the survey spectra (Figure S4) it is possible to
see that 7 contains a small amount of sodium, which could not be washed away during
synthesis; however, neither 9b nor 9d contain any sodium anymore. Together, these results
demonstrate how the phosphonate binding situation changes during the synthesis of 9:
PMVP is partially bound to iron in the MNP; however, there are groups that did not bind
to the particles and are partially neutralized with sodium ions. On adsorption of rare earth
metal (RE) ions, both sodium and protons are exchanged with RE ions. Since the pH during
the reaction does not change or is maybe even more acidic due to the RE salts, this means
that the RE ions bind very strongly to the phosphonate groups because they were able to
replace hydrogen despite the neutral or low pH.

The Er4d core-level spectrum is shown in Figure S4, along with the P2s peak. The
maximum of the Er4d5/2 peak is 169.4 eV. Unfortunately, there are not enough data in
the literature to draw any conclusions, other than that Er is indeed bound to the MNP 9b.
However, for the Eu3d core level spectra (Figure S4), Mercier et al. [95] collected data on the
spectra of different Eu compounds. Comparing the value of the Eu3d5/2 peak (1135.5 eV)
with these literature data, while explicit data for phosphonate salts of Eu are not given, it
can be concluded that Eu is likely bound to phosphonate, and not, for example, precipitated
as an oxide. This is important if the MNP is further used for medical applications, where
RE metals could dissolve and show toxicity if they are not tightly bound to the MNP.

In conclusion, XPS proved that the MNP formed and consist of magnetite, that PMVP
has coated them in 7 as well as 9, and that the RE ions are adsorbed and bound tightly to
PMVP in compounds 9.

3.3. Synthesis and Characterization of Magnetite Clusters

Magnetite clusters can be easily prepared in a polyol process and coated with a
variety of organic ligands in a one-pot reaction (see introduction). It was first tried to
replace the coating agent sodium acrylate [32] in a solvothermal process with PMVP, but
this did not obtain magnetic materials. Only a brown nonmagnetic precipitate formed.
Different ligands (free MVPA or sodium or disodium salts) and even other phosphates
like phosphoric acid-2-hydroxyethyl methacrylate ester did not produce any magnetic
product. It is likely that phosphates and phosphonates interact too strongly with the iron
ions [96] so the normal mechanism of magnetite formation [32] in the polyol reaction cannot
occur. One synthesis of phosphonate-coated MNP prepared hydrothermally in a one-step
process has been described so far [97], but the reaction conditions are too different to be
applied here. The only literature reference to solvothermally (in a polyol process) prepared
magnetite nanoparticles coated with any phosphates or phosphonates described a two-step
process, where the initially formed magnetite clusters were later coated with triphosphate
by ligand exchange [98]. We attempted a similar reaction as well (9), and thus synthesized
first magnetite clusters 10 with only acetate as a coating agent, which was then replaced in
a second step by PMVP to obtain 11 (Scheme 3, first reaction).
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A solvothermal process is however not the only way to do a polyol reaction, and
indeed the polyol reaction [28] (for other metals) was first described as a reaction under
normal pressure at elevated temperature or reflux. Furthermore, magnetite clusters have
been prepared this way before [23]. It was thus decided to prepare PMVP-coated magnetite
clusters under refluxing conditions, and only when the clusters have formed to add the
phosphonate (Scheme 3). It was also decided that an initial polymerization is not necessary,
as for example acrylic acid can polymerize under hydrothermal conditions without a
catalyst [99], and even polyacrylate-coated magnetite clusters have been prepared from
sodium acrylate before [32,37]. Thus PMVP coated magnetite clusters 12 were prepared by
refluxing a mixture of iron chloride and sodium acetate in ethylene glycol (10), and when
the clusters had formed (visible by the color change to black) MVPA (in the form of its
disodium salt) was added. A magnetic product was formed successfully, which was easily
dispersible in water.
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It was then attempted to extend the reaction to other vinylphosphonates, and thus mag-
netite clusters 13 using 2-phenylvinylphosphonic acid (PVPA), 14 using 2-(p-hydroxyphen-
yl)vinylphosphonic acid (HVPA), 15 using allenylphosphonic acid (APA, 4) and 16 using
4-methylbuta-1,3-dien-2-ylphosphonic acid (MBPA) 5 were prepared (11–14). Magnetic ma-
terial was formed in each reaction, but interestingly, the poly(2-phenylvinylphosphonate)
(PPVP) coated clusters 13, which were synthesized for their potential hydrophobicity, were
not too well dispersible neither in toluene nor water (but better in water than toluene).
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Poly(2-(p-hydroxyphenyl)vinylphosphonate) (PHVP) coated clusters 14 were, on the other
hand, easily dispersible in water, as were poly(allenylphosphonate) (PAP) coated magnetite
clusters 15. When synthesizing poly(4-methylbuta-1,3-dien-2-ylphosphonate) (PMBP)
coated magnetic clusters 16, besides the clusters a hydrogel formed, which was not or
hardly containing magnetic material and could be separated manually.

TEM and EDX (Figures 3, S5 and S6) of the samples showed that magnetite clusters
formed in each case. For the solvothermally produced samples 10 (300 nm) and 11 (299 nm)
as well as the PMVP coated clusters 12 (149 nm) they were larger, whereas for the other
samples they were less than 100 nm. EDX (Figure S6) of all clusters (except 10) showed the
presence of phosphorus, which indicates that the synthesis of polyvinylphosphonate-coated
magnetite clusters has been accomplished successfully. In the case of 11, the phosphorous
content was relatively low, whereas for 15 it was quite high. Clusters 15 and 16 are formed;
however, it appears that they are connected by the polymer.
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FTIR analysis (Figures 3 and S7) of the samples showed several differences. First,
clusters 10, without phosphonate coating, showed bands at ca. 585–625 cm−1, indicating
magnetite, a large band at 3000–3500 cm−1 (ν(O–H) of the magnetite surface, remaining
ethylene glycol and polyacrylate), bands at 2850, 2915 and 2969 (ν(C-Halkyl)), 1632 and
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1446 (symmetric and asymmetric ν(C=O) of carboxylate from acetate and polyacrylate)
as well as a band around 1000 cm−1 (ν(C–O) of ethylene glycol) [29]. Sample 11, which
should be coated with PMVP, showed almost no differences, except maybe slight changes
in the band at around 1050 cm−1, which would stem from ν(P=O) of PMVP. Together with
the low P content of this sample found by EDX, this means that the coating with PMVP is
not very efficient in this method, as the sample seems to be only sparsely coated with the
polymer. In contrast, clusters 12 show a much larger band around 1000 cm−1, indicating a
much better coating with PMVP in this case. Furthermore, 13 and 14 also show such a large
band, which is larger for 14 than for 13. These bands are even larger for 15 and 16, rating
in intensity even higher than their magnetite band at 585–625 cm−1. On the other hand,
neither 11, 12, 15 nor 16 show any ν(C–H) band above 3000 cm−1. For 11 and 12 this means
that only polymer and no MVPA are attached to the magnetite clusters. For 15 and 16 this
also means that in addition to only polymers attaching to the magnetic clusters, both of the
double bonds of the monomers must have reacted and thus a large amount of crosslinking
must have taken place. This correlates well with the fact that hydrogel visible by eye was
found during the workup of sample 16, and the appearance of the clusters of both 15 and
16 being connected in TEM. From the analysis, one can conclude that gel-like crosslinked
polymers were formed for both 15 and 16, but due to structural differences in sample 15 a
part was soluble in water and washed away, while in 16 a part was insoluble and could be
detected besides the magnetic clusters. In both cases a large part of the crosslinked polymer
remained attached to the clusters, causing large bands assigned to the polymers to appear
in the IR spectra.

The here-discussed results can also be verified by magnetization measurements
(Figure 3): Magnetization curves were measured from non-phosphonate coated magnetite
clusters 10, PPVP coated 13, PAP coated 15 and PMBP coated 16. All samples showed
superparamagnetic behavior, which is one of the advantages of preparing multicore mag-
netite clusters instead of single-core magnetite particles of the same size. Compared to 10
(Ms = 67.9 emu/g), the saturation magnetization of 13 is lower (60 emu/g), indicating a
larger amount of nonmagnetic polymer and thus a better coating. The saturation magneti-
zation for samples 15 and 16 is even lower (38.7 and 29.1 emu/g, respectively). The effects
that cluster size [29] or particle size (for particles larger than 10 nm, as is the case here) can
have on saturation magnetization are not enough to explain this result. Thus these values
confirm a larger amount of coating because larger amounts of crosslinked gel are attached
to these samples.

XRD was done for selected samples (Figure S8b) and proved that the samples had
a spinel ferrite structure. Among pure iron oxides both magnetite and maghemite have
a spinel structure. Together with the other characterization (especially FTIR) as well
as previous observations [29] it can however be concluded that the clusters consist of
magnetite. Interestingly in sample 16, one peak exists at 2θ = 11◦. It does not belong to the
spinel pattern, and since these clusters contain a lot of the polymer, it is possible that the
peak stems from the crystallized polymer instead.

Cluster size was determined using TEM results, while crystallite size was determined
from XRD patterns via the Scherrer equation (Table 1). Samples 10 and 11 have a comparable
size, which was to be expected as a ligand exchange should not change the size notably.
Interesting on the other hand is that both cluster as well as crystallite size varies somewhat
between clusters 12–16. It was expected that in the one pot reaction the clusters already
formed fully before adding the phosphonate component (magnetite should definitely have
formed as could be seen from the black color of the reaction mixture); however, it seems
that while the particles were already somewhat formed [29], cluster formation was not
yet finished and even the crystallites were still in the aggregation stage. The large size
difference of cluster 12 compared to the others is likely because the sodium salt of MVPA
was used in this reaction, and the pH can drastically influence the resulting clusters [23].
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4. Conclusions

In this work, it was shown that substituted vinylphosphonic acids can be easily synthe-
sized by different routes and polymerized to produce coatings for magnetite nanoparticles.
Poly(methylvinylphosphonate) can be used to coat magnetite nanoparticles synthesized
by coprecipitation and causes the particles to be very stable in aqueous suspension, as
well as have the potential to bind rare earth metal ions for functionalization. These rare
earth metal ions are adsorbed strongly on the surface of the MNP. Polymeric phosphonate-
coated magnetite clusters were synthesized for the first time in a one-pot reaction—in
this case, the monomeric phosphonates can be used, and the polymerization happens
during the reaction. The coating with polymeric phosphonates is much stronger than in the
two-step procedure that synthesizes the clusters first and then affects a ligand exchange.
Several monomers have been used for coating, with different properties of the resulting
phosphonate-coated magnetite clusters. For future applications, PHVP coated clusters
could be further derivatized by linking different molecules to the phenol group, imbuing
additional functionality, whereas with some change to the reaction conditions MBPA might
be used to synthesize a magnetic hydrogel in a one-pot reaction. It is the hope of the authors
to have shown the usefulness of substituted poly(vinylphosphonic acids) as a coating for
magnetite nanomaterials and to encourage other scientists to begin using them as well.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/magnetochemistry8080079/s1. Additional synthesis procedures,
TEM, EDX, FTIR, XRD and magnetization data. Figure S1: TEM (top) with size distribution and EDX
(bottom) of MNP 9a and 9b; peaks of Au are from the sample holder, Si is an artifact of the device,
and Os a misinterpretation of the evaluation software; Figure S2: FTIR spectra of MNP 9a, 9b and
9c; Figure S3: Magnetization of MNP 9a, 9b, 9c and 9d; Figure S4: XPS survey spectra of 7, 9a and
9b (top left); O1s spectra of 9b and 9d (top right); Er4d and P2s spectra of 9b (bottom left); Eu3d
spectrum of 9d (bottom right); Figure S5: TEM results of magnetite clusters 10 (scalebar 200 nm), 11
(scalebar 500 nm), 15, 16 and 14 and their size distributions; Figure S6: EDX of magnetite clusters
11, 12, 13, 14, 15 and 16; Figure S7: FTIR spectra of clusters 14, 15 and 16; Figure S8: XRD patterns of
samples (a): 7 and 8; (b): 11, 12, 13 and 16. The values in brackets represent the planes representing
the specific reflection, the reflections are the same as magnetite (JCPDS file No. 19-0629).
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