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Poly(methyl methacrylate) (PMMA) stabilized colloidal metallic iron nanoparticles without

additional surfactant or stabilizer were fabricated by a wet chemical reduction method. The

synthesized colloidal iron nanoparticles were found to be stable in tetrahydrofuran (THF)

solution and the dried PMMA–Fe nanocomposites were ferromagnetic even at room temperature

as illustrated by magnetometer measurement. The particle size increased with the decrease of the

initial PMMA concentration and the magnetic properties also depended on the initial PMMA

concentration.

1. Introduction

Iron nanoparticles have applications in magnetic data

storage,1 as catalyst for the fabrication of carbon nanotubes/

nanofibres,2 and in biomedical systems such as improving the

quality of magnetic resonance imaging (MRI) and site-specific

drug delivery.3–5 However, one challenge related to the

application of iron nanoparticles is the prevention of the facile

oxidation that occurs in ambient environments and acidic

solutions. One conventional method to avoid oxidation is to

coat the nanoparticle with a more noble metal6–9 or ceramic

material10–12 shell.

As an alternative shell material, poly(methyl methacrylate)

(PMMA) is attractive due to its light weight, softness,

flexibility, high ultraviolet light transmission, and good com-

patibility with human tissue normally used to affix implants

and to remodel lost bones. In addition, PMMA has a high

glass transition temperature at 120 uC, which allows for the

formation of robust films at room temperature. Polymeric

nanocomposites embedded with nanoparticles have attracted

much interest due to their high homogeneity, high pro-

cessability and tunable optical properties.13–18 The reported

methods to incorporate the magnetic nanoparticle into a

PMMA matrix include ex situ methods, i.e., by dispersing the

synthesized magnetic nanoparticles into organic PMMA

solution19 or polymerization of methyl methacrylate mono-

mers in the presence of the magnetic nanoparticles.20–24

Here we report a facile room-temperature wet chemical

reduction method to synthesize PMMA stabilized colloidal

metallic nanoparticles reduced from chloride salts by lithium

triethylborohydride (superhydride) in the presence of PMMA.

There is no need for additional surfactant or stabilizer. To the

best of the authors’ knowledge, this is the first demonstration

of the synthesis of PMMA stabilized zero-valence metallic

nanoparticle by an in situ chemical reduction method.

However, in situ magnetic polymeric nanocomposite prepara-

tion by a high-temperature thermal or high-intensity ultra-

sonochemical decomposition method has been reported.25–29

Compared with the high-temperature thermal or high-intensity

ultra-sonochemical decomposition method, the method

adopted here is more economical, and easy to carry out at

room temperature. The obtained colloidal nanoparticles

were found to be easily solidified into a PMMA nano-

composite thin film after solvent evaporation under ultrasonic

stirring condition at room temperature. The zero-valence state

of iron nanoparticles was investigated by X-ray absorption

near-edge structure (XANES) analysis and magnetic analysis.

The effect of iron loading in the nanocomposite on the

magnetic properties was investigated by changing the starting

PMMA concentration.

2. Experimental

Materials

Iron(II) chloride (FeCl2, anhydrous, beads, 99.99%, packaged

under argon), tetrahydrofuran (THF, 99.90% pure packaged

under nitrogen), lithium triethylborohydride (superhydride)

as 1 M solution in THF (superhydride–THF), and ethanol

(reagent anhydrous, water ,0.003%) were purchased from

Aldrich chemical company. Standard poly(methyl methacryl-

ate) (PMMA, Mw = 80 000 g mol21) was purchased from

Goodfellow Company. All the chemicals were used as received

without further treatment.

Synthesis of the PMMA stabilized zero-valence metallic

nanoparticles

The reducing agent (a mixture of 20 ml superhydride–THF

and 50 ml tetrahydrofuran) was added to a mixture of FeCl2
and PMMA in THF (50 ml) solution (7.1 mM FeCl2 and 5 wt%

PMMA) drop by drop within half an hour and reacted for one

additional hour. The PMMA stabilized iron nanoparticle were
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precipitated by adding ethanol, the supernatant was removed

and the remaining black paste was re-dissolved again in THF

and re-precipitated using ethanol. The above process was

repeated three times in order to remove LiCl and possible by-

products such as BEt3 (triethyl boron).30 The obtained black

paste was dried under vacuum and dissolved in THF to form

a stable colloidal solution. In the drying and re-dispersion

process, the large particles may become larger with the

shrinking of the small particles in solution due to the

Ostwald ripening mechanism.31,32 However, no irreversible

particle agglomeration in the colloidal THF solution was

observed after dissolving the dried PMMA stabilized Fe

nanoparticles in THF. The effect of iron nanoparticle loading

on the magnetic properties was investigated by changing the

starting PMMA weight concentration from 5 wt% to 1 wt%.

All the above operations were done in a nitrogen protection

condition. The dissolution of chloride salt and PMMA in

THF, together with the reaction, were all carried out in an

ultrasonic stirring condition.

Characterization

Transmission electron microscopy (TEM) measurements were

performed on a JEOL 2010 microscope with an accelerating

voltage of 200 kV. TEM samples were prepared by dissolving

the obtained dried PMMA stabilized nanoparticles into

tetrahydrofuran (THF) solvent under ultrasonic stirring

condition, then dropping some solution on an amorphous

holey carbon coated Cu grid and evaporating the solvent in a

nitrogen protection condition. The iron weight percentage

in the iron nanoparticle complex was analyzed by atomic

absorption spectroscopy elemental analysis. Fourier transform

infrared spectroscopy (FT-IR) was used to test the possible

physicochemical interaction between PMMA and iron nano-

particles and the effect of the superhydride (lithium triethyl-

borohydride) on the PMMA functional group. FT-IR spectra

were recorded in the Thermo Nicolet Nexus 670 FT-IR

spectrometer with transmission mode after background

reduction. The pure PMMA dispersant was ground with

KBr and compressed into a pellet; the spectrum was recorded

as a reference spectrum to be compared with that of the

PMMA stabilized nanoparticles.

Fe K-edge X-ray absorption near edge structure (XANES)

spectra were collected at the Double-Crystal Monochromator

(DCM) beamline at the 1.3 GeV electron energy storage ring

synchrotron radiation facility of the Center for Advanced

Microstructures & Devices (CAMD) at Louisiana State

University. The experiments were performed in standard

transmission mode using ionization chambers filled with

nitrogen at 1 atmosphere pressure. The monochromator was

equipped with Ge (220) crystals and the photon energy was

calibrated relative to the absorption spectrum of a standard

iron foil setting the first inflection point at 7112 eV. Standard

XANES data analysis was performed using the WINXAS97

software package, where raw spectra were normalized and

background corrected by fitting the pre-edge region with a

straight line, and the post-edge region with a third order

polynomial.33 Samples for XANES measurement were pre-

pared by spreading a thin layer of the dried particles uniformly

over the Kapton tape in the nitrogen-protected glove-box and

transferred to the beam with a sealed holder under nitrogen

protection to prevent iron nanoparticle oxidation.

Magnetic studies were carried out using a Quantum Design

MPMS-5S superconducting quantum interference device

(SQUID) magnetometer. The temperature dependent magne-

tization was measured in an applied magnetic field of 100 G

between 4 K and 340 K using zero-field-cooled (ZFC) and

field-cooling (FC) procedures. ZFC was done by cooling the

sample first to 4 K without a field; then magnetization changes

were recorded with the temperature increasing from 4 K

to 340 K at an applied field of 100 G. FC was recorded

immediately after ZFC by decreasing the temperature from

340 K to 4 K with a constant field of 100 G. The field

dependent magnetization (hysteresis loop) was measured at

300 K and 10 K, respectively. The field cooled (FC) hysteresis

loop at 10 K was measured by cooling the sample from 300 K

to 10 K in an applied field of 5 Tesla, removing the 5 Tesla

field and recording the magnetization with the changing

magnetic field. Samples were placed in a gelatin capsule in

thin film form in a glove box before inserting in the sample

space of the magnetometer.

3. Results and discussion

Ultrasonic stirring was reported25 to play a vital role in the

carbonyl salt thermal decomposition and subsequent metal

nanoparticle formation. Here, no color change was observed

before adding the reducing agent indicating that ultrasonic

stirring has no effect on the reduction of the Fe(II) chloride

salt. This is due to the increased stability of the chloride salt

compared to the carbonyl salt used in the literature.

Fig. 1 (a) shows the typical bright field TEM micrograph of

the PMMA stabilized iron nanoparticles on a holey carbon

coated copper grid. Fe nanoparticles with a mean size of 5 nm

(standard deviation of 0.6 nm) were observed and the particle

size distribution is shown in Fig. 1 (b). Considering no

diffraction from amorphous PMMA, the observed dense

electron diffraction ring rather than spot patterns, shown in

the inset of Fig. 1 (a), were due to the small size of the iron

nanoparticles. The diffraction rings (from inside to outside)

with a lattice distance of 0.243 nm, 0.204 nm, 0.143 nm, and

0.104 nm, are assigned to (111) plane of cubic iron oxide

(FeO), (110), (200) and (220) planes of bcc metallic iron

structure, respectively. The partial oxidation was due to the

transfer of the sample to the TEM machine. The clear lattice

fringe indicates the highly crystalline structure of the iron

nanoparticles (nanocrystals). The fringes shown in the inset of

Fig. 1(b) have an interplanar distance of 0.2 nm, which is

corresponding to the body-centered cubic (bcc) iron (110)

plane with a standard d-spacing of 0.202 nm.

X-Ray absorption near edge structure (XANES) is a very

sensitive tool to study the electronic structure (i.e., oxidation

state and effective charge) of the absorbing atoms, the

coordination geometries and different bonding types.34–39 By

comparing the measured spectra of the substance under

investigation to the spectra of the well characterized standard

reference samples, known as XANES fingerprinting, informa-

tion on the above electronic and geometric properties can be
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provided. Due to the low concentration of iron nanoparticles

in the PMMA–Fe nanoparticle complex, X-ray diffraction

didn’t show any observable crystalline peaks. Therefore,

XANES was used to investigate the valence state of iron

nanoparticles and the samples were prepared in the glove box.

Fig. 2 shows the Fe K-edge XANES spectra of PMMA

stabilized iron nanoparticles, bcc iron foil, and iron oxides

as references. Based on such factors as the position of the

absorption edge, the intensities of the pre-edge and white line

features, and other resonances at higher energy, the nano-

particle spectrum is very similar to that of the bcc foil and

different from any of the iron oxides. This observation

indicates that the synthesized iron nanoparticles have bcc

structure without oxidation. It also indicates that the iron

nanoparticles are stable in the ethanol solvent during the

washing process, unlike the iron oxidation in the gold

coated iron nanoparticles obtained from the microemulsion

technique.40

It was reported that the superhydride is a strong reducing

agent and can reduce esters, amides and other potentially

desirable ligand functional groups.41,42 As an ester-group

member, (–C(O)OR9), PMMA was anticipated to be reduced

by superhydride. The effect of the superhydride on PMMA

and the possible physicochemical interaction between the iron

nanoparticles and PMMA were tested by FT-IR. The spectra

of the pure PMMA and the synthesized PMMA stabilized

powder nanoparticles are shown in Fig. 3. The sharp absorp-

tion at 1732 cm21 corresponds to CLO groups;43,44 the peaks

at 1149 and1192 cm21 are due to the C–H deformations, and

1242 and 1269 cm21 peaks represent C–C–O stretch coupled

with C–O stretch in PMMA.43 The similarity of the spectra

between the pure PMMA and the PMMA stabilized nano-

particle indicates that superhydride had an insignificant effect

on the PMMA and the iron nanoparticles were effectively

stabilized by PMMA. In other words, PMMA was not reduced

by the superhydride. The shift of the peak toward lower

wavenumbers was an indicator of the chemical bonding of

surfactant onto the nanoparticle surface.45,46 There is almost

no change in the peaks (wavenumbers) between the pure

Fig. 1 (a) TEM bright field micrograph of PMMA stabilized iron

nanoparticles from high initial PMMA concentration (5 wt%) (Inset

shows the selected area electron diffraction); and (b) particle size

distribution (Inset shows lattice fringe with 0.2 nm lattice spacing).

Fig. 2 Fe K-edge XANES spectra of the bcc iron foil, PMMA

stabilized iron nanoparticles and iron oxides.

Fig. 3 FT-IR spectra of pure PMMA and PMMA stabilized iron

nanoparticles with PMMA concentration of 5 wt% and 1 wt%.
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PMMA and the 5% PMMA stabilized Fe nanoparticles,

indicating that the interaction between the iron nanoparticle

core and the PMMA is through a weak physical force rather

than a strong chemical bonding force; a similar spectrum was

also observed in the PMMA stabilized gold nanoparticle

synthesized by the ex situ polymerization of methyl methacryl-

ate monomers in the presence of the gold nanoparticles.44 This

observation may also indicate that most of the PMMA is

either physically linked to the nanoparticle or present without

contact with nanoparticles. Further information was needed to

probe the essence of the physicochemical interaction between

PMMA and iron nanoparticle. Here, diluting the initial

PMMA concentration (from 5% to 1%) in the Fe–PMMA

nanoparticle system resulted in a strong shift of the CLO group

from 1732 cm21 to 1706 cm21, indicating that PMMA was

chemically bound to the Fe nanoparticle through the CLO

functional group. The new peak around 3407 cm21 at both

samples was undoubtedly due to the O–H stretch,47 which is an

indicator that part of the PMMA has decomposed into a

carboxylic acid group during the synthesis or washing process.

The formation of the acidic functional group can be explained

by the hydrolysis of PMMA in the presence of the ethanol or

traces of water, which was proposed recently for the formation

of PMMA stabilized metal oxide nanoparticles,48,49 or by UV

light photochemical irradiation as proposed recently for the

photochemical fabrication of PMMA microdevice.17,18 This

suggests that PMMA forms a micelle cage around the iron

nanoparticles by physical adsorption and chemical bond.50

The repulsive electrostatic force and steric interaction among

the cages prevent the iron nanoparticle from agglomeration

arising from attractive particle–particle forces such as van der

Waals and magnetic forces.50 In addition, the higher viscosity

of the PMMA solution as compared with other surfactant

solutions and the reduction in the particle surface tension with

the wrapping PMMA layers50 are other important factors that

lead to the stable colloidal nanoparticles. The reaction for the

nanoparticle formation and the subsequent PMMA stabilized

iron nanoparticle structure are shown in Scheme 1.

Fig. 4 shows the hysteresis loop of the dried PMMA–Fe

nanoparticles in the film form. Saturation magnetization (Ms)

was determined by the extrapolated saturation magnetization

obtained from the intercept of magnetization vs H21 at

high field.51,52 The calculated saturation magnetization was

84.8 emu g21 based on the pure iron nanoparticles (elemental

iron percentage in the Fe–PMMA nanoparticle complex

was 7.59 wt% determined by atomic absorption elemental

analysis). This saturation magnetization is lower than that of

the bulk iron (220 emu g21). However, it is consistent with the

reported magnetization of the vapor deposited iron nanopar-

ticles (25 to 190 emu g21 for the size from 6 nm to 20 nm) and

with that of the iron nanoparticles (6 nm) synthesized by the

thermal decomposition of iron pentacarbonal (82 emu g21).28,53

The decreased saturation magnetization was due to the small

particle size and the organic coating.28,53–56 The ratio of

remanent magnetization (Mr) to saturation magnetization

(Ms) was 0.13 at 300 K and 0.36 at 10 K, and the coercivity

(Hc) was 106 Oe at 300 K and 1117 Oe at 10 K, shown in the

left inset of Fig. 4. These values indicate that the blocking

temperature is above room temperature, i.e., ferromagnetic at

room temperature, which is different from the sonochemical

synthesized poly(ethylene glycol) stabilized iron nanoparti-

cles29 that exhibit a superparamagnetic property. Zero field

cooled (ZFC) and field cooled (FC) temperature dependent

magnetization measured at a constant field of 100 G is shown

in the right inset of Fig. 4. The absence of the maximum peak

in the ZFC temperature dependent magnetization curve

indicates that the ferromagnetic property of the PMMA

stabilized iron nanoparticles exists even at 340 K, which is

consistent with the field dependent hysteresis loop results.

Magnetic measurement was further utilized to indirectly

investigate the valence state of the iron nanoparticles. Zero-

field cooled (ZFC) hysteresis loop at 10 K was compared to the

field cooled (FC at 5 T) hysteresis loop. The shift toward the

applied magnetic field due to the exchange coupling interac-

tion between the antiferromagnetic shell (FeO) and the

ferromagnetic core (Fe)51,57–60 has been used as a criteria to

distinguish the oxidation of the magnetic metal nanoparticles.

The observed almost overlapping magnetization (within the

uncertainty of the SQUID magnetometer measurement) of the

ZFC hysteresis loop and the FC (5 T) hysteresis loop, i.e.,

identical coercivities, Ms values and Mr/Ms ratios in both ZFC

and FC conditions, indicates that the iron nanoparticles are
Scheme 1 Reaction for the PMMA stabilized iron nanoparticle

formation without further surfactant or stabilizer.

Fig. 4 Hysteresis loops of PMMA stabilized Fe nanoparticles at

300 K, and at 10 K in both zero field cooled and field cooled condition

(ZFC and FC hysteresis loops are almost overlapping at 10 K); the left

inset shows the partially enlarged hysteresis loops and the right inset

shows the ZFC and FC temperature dependent magnetization

normalized by magnetization at 340 K measured at a constant field

of 100 G.
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free from oxidation, which is consistent with the XANES

analysis and recent report on poly(ethylene glycol) stabilized

iron nanoparticles.29

The effect of iron nanoparticle loading was studied by

changing the initial PMMA concentration in the reactant

solution. Here, 1 wt% was used instead of 5 wt%. The iron

nanoparticle concentration was about 54.9 wt% determined by

atom absorption analysis. Fig. 5 (a) shows the TEM bright

field micrographs and Fig. 6 shows the magnetic properties,

respectively. The PMMA concentration was observed to have

a dramatic effect on the size of the iron nanoparticles. At

lower PMMA concentration, the nanoparticle size was about

23.5 nm ¡ 7.5 nm, which is much bigger than that in the

higher PMMA concentration. The particle size distribution is

shown in Fig. 5 (b). The electron diffraction spot rather than

the ring pattern indicates a bigger particle size, consistent with

the TEM observation. The almost overlapping ZFC and FC

hysteresis loops indicate that there is no obvious oxidation in

the iron nanoparticles. As determined from Fig. 6, the

coercivity was 58 Oe at 300 K and 161 Oe at 10 K, respectively.

The saturation magnetization (based on the iron weight

percentage) was calculated to be 184.4 emu g21 at 300 K

and 187.4 emu g21 at 10 K, respectively. The coercivity

decreased and the saturation magnetization increased as

compared with that of the nanoparticles synthesized from

higher PMMA concentration. These are attributed to the

increased nanoparticle size and the stronger interparticle

interaction arising from the low PMMA concentration.

The PMMA stabilized nanoparticles are ferromagnetic

even at room temperature rather than superparamagnetic

characteristic of the bare iron nanoparticles. Considering that

the observed nanoparticle from TEM is in the range of the

single domain size, the interparticle interaction plays an

important role in the magnetic properties such as blocking

temperature, coercivity and remanent magnetization. The high

concentration of magnetic nanoparticles in the PMMA matrix

increases the interparticle interaction and is responsible for the

increased blocking temperature (the temperature at which the

magnetic materials change from superparamagnetic to ferro-

magnetic). The increased interparticle interaction makes the

PMMA–iron nanocomposites behave like a continuous

ferromagnetic thin film rather than the bare single domain

iron nanoparticles. The enhanced blocking temperature has

also been recently observed in the two-dimensional (2D) self-

assemblies of high density cobalt nanoparticles.61

4. Summary

A simple and general method for in situ synthesis of PMMA

stabilized zero-valence metallic colloidal nanoparticles was

reported and the nanoparticles were found to be stable in THF

solvent. Initial PMMA concentration in the reactant had a

dramatic effect on the synthesized nanoparticles, both the size

Fig. 5 (a) TEM bright field micrograph of PMMA stabilized iron

nanoparticles from low initial PMMA concentration (1 wt%); and (b)

particle size distribution.

Fig. 6 Hysteresis loops of PMMA stabilized Fe nanoparticles at

300 K, and at 10 K in both zero field cooled and field cooled at 5 T

(ZFC and FC hysteresis loops are almost overlapping at 10 K); the left

inset shows the partially enlarged hysteresis loops and the right inset

shows the ZFC and FC temperature dependent magnetization

normalized by magnetization at 340 K measured at a constant field

of 100 G.
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and the subsequent magnetic property. At lower concentra-

tion, nanoparticles became larger and the magnetization

increased. The synthesized ferromagnetic PMMA–iron nano-

particles have potential applications in information storage

media, magnetic refrigeration, audio reproduction, ferrofluids,

and magnetically guided drug delivery.4,5
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