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Investigating the Stabilisation Effect
of Carboxylic vs. Hydroxyl Groups on Fe;0y4
and Fe;04@Au Nanoparticles

HENDRIETTE VAN DER WALT,* LESLEY CHOWN,
NDABENHLE SOSIBO, AND ROBERT TSHIKHUDO

NIC, Mintek, Private Bag X3015, Randburg, Johannesburg, South Africa

The high-temperature solution phase reaction of iron(Ill) acetylacetonate, Fe(acac);
and 1,2-hexadecanediol was used to synthesise iron oxide and gold-coated iron ox-
ide nanoparticles. Different surface functionalities, such as sebacic acid (SA) and 1,
10-Decanediol (DD), were introduced on the surface of the particles to investigate the
stabilising effect of carboxylic groups (SA) in comparison to the hydroxyl groups (DD).
Nanoparticle thermal stability, composition, state of aggregation, size and morphology
were investigated and the results from techniques such as Fourier Transform-Infra Red
spectroscopy (FT-IR), Ultraviolet visible spectroscopy (UV-vis), Transmission Electron
Microscopy (TEM) and thermal analysis are discussed.

Keywords 1,10-Decanediol; Fe;O,4; Fe;O,@ Au; magnetite; nanoparticles; sebacic
acid

Introduction

A magnetic fluid is a stable colloidal suspension of magnetic nanoparticles dispersed in
a carrier liquid [1]. Magnetic nanoparticles show very interesting electrical, optical, mag-
netic, and biochemical properties, illustrating novel applications in biomedical imaging,
clinical diagnosis, biosensors and drug delivery systems. The potential of these nanofluids
is disclosed by surface modification through the interaction of the functional groups on
the surfactant molecules [2]. Iron oxide nanoparticles are widely studied materials, as they
occur naturally, are rapidly synthesised artificially, have attractive chemical and magnetic
properties and applications in in vivo magnetic imaging [3]. Gold coating of magnetic
nanoparticles is a very attractive technique, as the magnetic nanoparticles can be both sta-
bilised more effectively in corrosive biological conditions and easily functionalised through
well-developed Au-S chemistry. The coating also provides the magnetic nanoparticles with
plasmodic properties, making them extremely useful for magnetic, optical and biological
applications [4]. The high-temperature solution phase reaction of iron(IIl) acetylacetonate,
Fe(acac); and 1,2-hexadecanediol was used to synthesise iron oxide and gold-coated iron
oxide nanoparticles. Different surface functionalities, such as sebacic acid (SA) and 1,
10-Decanediol (DD), were introduced on the surface of the particles to investigate the
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stabilising effect of carboxylic groups (SA) in comparison to the hydroxyl groups (DD).
Nanoparticle thermal stability, composition, state of aggregation, size and morphology
were investigated and the results from techniques such as Fourier Transform-Infra Red
spectroscopy (FT-IR), Ultraviolet visible spectroscopy (UV-vis), Transmission Electron
Microscopy (TEM) and thermal analysis are discussed.

Experimental

The Fe;04 and Fe;O4@ Au nanoparticles were prepared as previously reported [11,12],
with SA and DD as the surfactants. The Fe;O4 nanoparticles were synthesised using SA
(0.606 g; 3 mmol) or DD (0.522 g; 3 mmol), whereas the Fe;O4 @ Au nanoparticles were
synthesised using SA or DD stabilised Fe;O4 nanoparticles (1 ml) along with SA (0.030 g;
0.15 mmol) or DD (0.026 g; 0.15 mmol).

Results

The FT-IR spectra (Fig. 1(a)) confirmed the basic structure of the SA and DD surfactants on
the Fe;O4 nanoparticles, showing characteristic CH, peaks noted. The spectra shows the
transformation of the initial carboxylic acids (COOH — 1690 cm™!) of the SA to carboxyl
ions (COO~ — 1568 cm™! and 1446 cm™!) and the transformation of the initial hydroxyl
groups (OH — 3401 cm~' and 3338 cm™") of DD to oxygen ions (O~ - broad 3290 cm™).

Although the UV-vis spectra (Fig. 1(b)) showed the Fe;O4 nanoparticles with no
absorbance [13,14], absorbance was seen for the particles coated with gold. The absorbance
for the SA stabilised Fe;04@ Au nanoparticles was 512 nm, while the DD stabilised
Fe;04 @ Au nanoparticles showed absorbance at 518 nm. This illustrated that although the
Au shell thickness was the same for both of the nanoparticle samples (Fig. 2), the Au
shell surface area of the SA and DD stabilised Fe;O4 @ Au nanoparticles differed, because
of the difference in size of the nanoparticles Fe;O4 core. This thus allowed the sizes of
the nanoparticles to be quantified. This showed that the absorbance difference could be
linked to the size difference between the two nanoparticle species, results also confirmed
by the TEM images (Fig. 2). The complete coating of the Fe;O4 nanoparticles with Au was
confirmed by not only the sharpness of the single absorbance peaks, but also by etching
studies conducted on the samples using concentrated hydrochloric acid (HCI). Concentrated
HCI dissolves the basic Fe;O4 nanoparticles, but leaves the Au shell unaffected. Thus, if
the Au coated Fe;0O4 nanoparticles had an incomplete Au shell, the acid would eat away /
dissolve the Fe;O4 core, resulting in a collapse of the coated particles. Results showed no
change in the TEM images and thus no nanoparticle etching or collapse, confirming the
complete coating of the Fe;O4 nanoparticle with Au.

The structural images for the Fe;O,4 and Fe;04 @ Au nanoparticles are shown in Fig. 2.
The surfactants are identical except for the carboxylic (SA) and hydroxyl (DD) functional
groups and so it was predicted that the nanoparticles would be of similar size. The TEM
images indicated a &£ 3.73 nm variation in size (SA 2.00 £ 0.41 nm; DD 5.73 + 1.08 nm)
however, most probably due to the greater stability provided by the carboxylic acid of the
SA in comparison to the hydroxyl groups of the DD.

A large number of artefacts was seen for the DD stabilised nanoparticles, although
both the SA and DD stabilised Fe;O4@ Au nanoparticles showed little aggregation. It is
believed that the artefact particles are uncoated Fe;O4 nanoparticles bonded to and trapped
in between the gold coated nanoparticles. This is supported by the size of the artefacts
(5.33 &£ 1.50 nm) and the fact that they were not removed during the vigorous cleaning



Downloaded by [Moskow State Univ Bibliote] at 12:28 15 April 2012

COOH vs OH for Stabilising Fe;04 and Fe;04@Au [277]/3

(a)
@
9
 —f
ke
§ ——DDFe304
= ——SAFe304
600 1600 2600 3600
Wavelength (nm)
(b) 25 0.8
3
| 1
<
-.g 1.25 -
4 ——— DDFe304@Au
<
------- SAFe304@Au
0
400 600 800

Wavelength (nm)

Figure 1. (a) FT-IR spectra of the DD and SA stabilised Fe;O, nanoparticles; (b) UV-absorbance
for the DD and SA stabilised Fe;O,4 and Fe;0, @ Au nanoparticles.

procedure. The DD stabilised Fe;O4@Au nanoparticles (8.60 £ 1.49 nm) were larger
that the SA stabilised Fe;O4@ Au nanoparticles (5.02 £ 1.00 nm). This, along with the
artefacts, supports the theory that the carboxylic acids stabilise the iron oxide nanoparticles
to a greater extent, giving better quality particles with narrower size distribution. The
etching studies explained above showed dissolution of the artefact particles observed in
the DD stabilised Fe;O4 @ Au nanoparticles. This provided additional confirmation that the
artefacts were trapped Fe;O4 nanoparticles.

The stability of the nanoparticles was further investigated with the use of DSC and
TGA. The results for the SA and DD stabilised nanoparticles are shown in Fig. 3. Figure 3(a)
shows 2-stage mass changes for the DD stabilised Fe;O4 and Fe;04@ Au nanoparticles.
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Figure 2. TEM images depicting the (a) SA stabilised Fe;0, @ Au nanoparticles and (b) DD stabilised
Fe;0, @ Au nanoparticles. Scale bars indicate 50 nm.
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Figure 3. Thermal analysis of the DD stabilised Fe;O, and Fe;O, @ Au nanoparticles TGA (a) and
DSC (b) and SA stabilised Fe;O, and Fe;04@ Au nanoparticles TGA (c) and DSC (d).

The DD Fe;O4@Au nanoparticles showed no change in mass above 555°C, while the
Fe; 0,4 nanoparticles showed negligible mass loss above 610°C.

The DSC response (Fig. 3(b)) shows four exothermic reactions associated with the
mass loss steps for the DD stabilised Fe;O,4 nanoparticles. There are two broad exothermic
reaction peaks over the mass loss range for the DD stabilised Fe;O4@ Au nanoparticles.
The end of the exothermic reactions is associated with the end of mass loss.

Figure 3(c) shows 4-stage and 2-stage mass changes for the SA stabilised Fe;O4
and Fe;0O4@Au nanoparticles respectively. The SA Fe;O4@ Au nanoparticles displayed
negligible mass loss from 480-875°C, followed by mass loss from 875°C to 1030°C. For
the Fe;O4 nanoparticles, mass loss was significant from 200°C to 730°C.

The DSC curves in Fig. 3(d) show similar onset and end temperatures (~220°C and
470°C) of complex exothermic reactions for both SA stabilised Fe;O4 and Fe;0,@Au. SA
stabilised Fe3;O4 has an additional broad exothermic peak from 470°C to 705°C, which is
associated with a large loss in mass (23%).

Although it is clearly seen that the Au shell improves the overall stability of the
nanoparticles, it cannot overcome the poor stabilising ability of the DD hydroxyl groups.
The 25% larger mass loss seen in Fig. 3(a) for the DD stabilised Fe;O4 in comparison to the
SA Fe;04 nanoparticles in Fig. 3(c), indicates the need for a larger particle core size (thus
aggregating to lower the total energy) and more ligands to stabilise it. This leads to conclude
that the carboxylic moieties of the SA stabilise the Fe;04 nanoparticle to a larger extent.

Conclusion

In conclusion, the SA and DD stabilised Fe;O,4 and Fe;04@ Au nanoparticles were suc-
cessfully synthesised. FT-IR confirmed the presence of the DD and SA surfactants on the
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nanoparticles, while the gold coating of the nanoparticles was confirmed by UV-vis spec-
trometry, with variation in absorbance indicative of a change in volume of the Au shell.
The sizes of the nanoparticles were determined by TEM. The + 3.73 nm smaller SA Fe;04
nanoparticles indicate the enhanced stabilising effect of the SA in relation to the DD. The
DD stabilised Fe;O4 @ Au nanoparticles show a large amount of artefacts, believed to be
uncoated Fe;O4 nanoparticles bonded to and trapped in between the gold coated nanopar-
ticles for additional stability. Thermal analysis indicated that the Fe;O4 @ Au nanoparticles
showed greater stability, with £ 40% less mass loss than the nanoparticles without gold and
it confirmed the stability of the SA Fe;O,4 nanoparticles above the DD Fe;O4 nanoparticles
with a 25% reduction in core size from the SA to DD stabilised nanoparticles. All the char-
acterisation preformed points to the carboxylic acids of the SA stabilising the nanoparticles
to a greater extent when compared with the hydroxyl groups of the DD.
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