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Abstract: Magnetic nanoparticles (NPs) have been assembled in films by using self-assembled monolayers (SAMs) of
organic molecules. SAMs were prepared by the reaction of organotrialkoxysilanes with surface silanol groups of silicon
wafers. SAMs were prepared and their surface was decorated either by amine or thymine groups which have the ability to
immobilize iron oxide nanoparticles as monolayers. These groups have different coordinating and chelating abilities and
influence the kinetic of the assembling reaction. Finally, the magnetic properties of the assemblies of NPs were studied.
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1. INTRODUCTION

The assembling of magnetic nanoparticles (NPs) into
arrays represents a very exciting and important challenge
regarding their high potentials in the development of new
nanodevices for spintronic, magnetic and magneto-electronic
applications [1-3]. It is well argued that the key to successful
applications of such nanoparticle-based devices is the
engineering of the assembling of nanoparticles. Therefore,
assembling methods are developed to organize nanoparticles
on surfaces.

Most films made from nanoparticles which consist in 2D
and 3D arrays are generally obtained by “bottom-up”
approaches based on self-assembly [4]. Such a method is
very well suited to the use of non aggregated inorganic
nanoparticles which are considered as building blocks to
spontaneously assemble into arrays on substrates. Although
the synthesis of magnetic nanoparticles with high control
over their physicochemical properties such as size, shape and
crystallinity is well reported, their assembling with high
control still remains a great challenge. The main difficulties
arise from the control of the film formation over
macroscopic distances which is mandatory for enabling
meaningful studies of the film properties. Among the various
techniques enabling the deposition of nanoparticles on large
areas, the approach using chemically well-addressed surfaces
such as self-assembled monolayers (SAMs) of organic
molecules consist in addressing the assembling of NPs.
SAMs represent a versatile approach to functionalize
surfaces with specific functional groups which have the
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ability to immobilize NPs. Only few studies report the use of
SAMs to prepare arrays of magnetic NPs. Bio-functionalized
manganese ferrite were specifically assembled onto a SAM
on the basis of molecular recognition [5]. On the other hand
the direct immobilization of PbSe, PbS, Co or Fe;O; NPs
onto SAMs lead to non homogeneous films where the
density in NPs and the orientation of molecules of the SAM
influence the magnetic microstructure of the assemblies [6-
9]. Very recently, we reported on the chemical assisted
assembling of iron oxide NPs controlled by specific
functional head groups at the SAM surface [10]. The
deposition of NPs was demonstrated to strongly depend on
the chelating and coordinating abilities of these terminal
groups. Indeed, SAMs displaying carboxylate head groups
with high chelating abilities were found to anchor rapidly
NPs with a high density. Hydroxide groups which are better
coordinating groups also induced the deposition of NPs but
the kinetic was slower. Finally, no deposition of NPs was
observed with non-interacting methyl head groups showing
the importance of the former coordinating or chelating
functional groups with the NPs. Mixed SAMs which display
carboxylic and methylene groups with different molar ratios
were accurate to pattern the substrate and thus to obtain
patterned deposition of NPs [11-13]. Large assemblies of
tight packed NPs or cluster of few NPs were formed
selectively. It resulted in the control of the magnetic
properties of the film as a function of the domain size which
directs the strength of dipolar interactions between NPs.
Therefore the nature of terminal groups at the SAMs surface
has a strong influence on the deposition of NPs on large
areas.

Here, we report on the assembling of magnetic iron oxide
nanoparticles controlled by SAMs of alkoxysilanes-based
molecules. The self-assembling of such molecules was
performed by the covalent bonding at the surface of a silicon
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wafer which results in much more stable systems than SAMs
prepared by the adsorption of thiol molecules on gold
surfaces which is reversible [12]. Such approach to prepare
SAMs is also very interesting because of the very low
roughness of silicon wafers compared with that of gold
surfaces [13]. Two different kinds of SAMs have been
prepared to decorate the silicon wafer surface with amine
and thymine terminal groups which are both polar but have
different abilities to immobilize nanoparticles and should
control the assembling of NPs.

2. EXPERIMENTS

Chemicals and materials. 3-(aminopropyl)triethoxy-
silane (APTES) was purchased from Aldrich. The N-1-
(Triethoxysilylundecyl)thymine (THY) was synthesized
according to our previous report [14]. Tetrahydrofurane
(THF) was used as received. Toluene was distilled and dried
on sodium. The silicon wafers were cleaned and activated by
using a plasma generated from a mixture of oxygen and
argon for 2 minutes.

Preparation of iron oxide nanoparticles (NPs). 12 nm-
sized iron oxide NPs which crystallize in the spinel structure
were produced by the thermal decomposition method [15]
and following the exact procedure we reported previously
[16, 17]. The preparation of an iron(IIl)/oleate complex
(Fe(oleate);) which is thermally decomposed in a high
boiling solvent in the presence of oleic acid was performed
following the exact procedure we reported previously [22].
Fe(oleate); was prepared from FeCl;«H,O (10.8 g, 40 mmol,
97%, Aldrich) which was dissolved in 60 ml H,O (Milli-Q)
and 80 mL ethanol. This solution was mixed with a solution
of sodium oleate (36.5 g, 120 mmol, 82%, Riedel-de Haén)
dissolved in hexane (140 ml) and refluxed at 70°C for 4 h.
The organic phase containing the iron oleate complex was
separated, washed three times with distilled water (30 ml) to
extract salts, dried using MgSOy, and finally concentrated.
The resulting iron oleate complex was a reddish-brown
viscous solid and was stored at 4°C. A combination of
Fe(oleate)s (2 g, 2.2 x 10~ mol), oleic acid (1.24 g, 3.3 x 10~
mol) and octyl ether (20 mL) was stirred for 1 h to dissolve
the reactants at 100°C. The temperature was carefully raised
to reflux with a heating rate of 5 °C/min without stirring for
120 min under air at 288°C. After cooling down to room
temperature, the black suspension of nanocrystals was
washed 3 times by addition of ethanol and centrifugation
(8000 rpm, 10 min). The obtained nanocrystals could be
easily suspended in various organic solvents to raise a highly
stable suspension which can be stored for several months.
The size monodispersity of NPs was improved by applying a
size selection precipitation process [17]. The nanoparticles
were suspended in hexane at a concentration of 1 mg/mL and
precipitated by adding the same volume of acetone followed
by centrifugation. The precipitate was redispersed in THF to
prepare a highly stable suspension of coated nanoparticles
with a specific concentration of 3.7 mg.mL™".

Preparation of self-assembled monolayers (SAMs).
Freshly cleaned and activated silicon wafers were used for
all the preparations. SAMs were prepared by sol-gel
chemistry which consists in the hydrolysis of the
triethoxysilyl groups and their condensation with hydroxyl
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groups at the surface of the activated silicon wafer. A
solution of the alkoxysilane (0.01 M) was prepared in dry
toluene. The silicon wafers were immersed in the solution
for 3 hours at 110°C under argon. After cooling down to
room temperature, the substrates were extensively washed
with toluene and dried under a N, stream.

Characterization of NPs. The NPs were characterized
by X-ray diffraction (XRD) using a Bruker D8 Advance
equipped with a monochromatic copper radiation, (Ko =
0.154056 nm) and a Sol-X detector in the 27-65° 26 range
with a scan step of 0.03°. TEM images were recorded with a
TOPCON model 002B transmission electron microscope,
operating at 200 kV, with a point-to-point resolution of 0.18
nm. The polydispersity in size was calculated from the size
measurements of more than 300 nanoparticles. Dynamic
light scattering (DLS) measurements were performed on the
suspension of nanoparticles in THF using a nano-size
MALVERN (nano ZS) apparatus. FTIR spectroscopy was
performed using Digilab Excalibur 3000 spectrophotometer
(CsI beamsplitter) in the energy range 4000-400 cm™. The
samples were analyzed in the solid state by using an ATR
accessory (Single Reflexion Attenuated Total Reflectance).

Assembling of iron oxide nanoparticles on SAMs.
SAMs were immersed directly after preparation in the
suspension of oleate coated nanoparticles in THF at room
temperature for 10 or 90 minutes. The substrates were then
placed in an ultrasonic bath in THF to remove any
physisorbed nanoparticles and finally dried under a stream of
nitrogen.

Characterization of SAMs.  The surface activity of
mixed SAMs was qualitatively studied by contact angle
measurements with water. This technique is very convenient
because of its high sensitivity to details of the interfacial
structure at the molecular level. Contact angle values were
measured with a Digidrop” contact angle goniometer (GBX,
France).

Characterization of NPs assemblies on SAMs. Scanning
electronic microscopy (SEM) was performed using a JEOL
6700 microscope equipped with a field emission gun (SEM-
FEG) operating at an accelerating voltage of 3 kV.
Ellipsometry measurements were performed with a plasmon
SD 2300 ellipsometer operating at the single wavelength of
632.8 nm and a constant angle of 70°. Atomic Force
Microscopy (AFM) was performed using a Digital
Instrument 3100 microscope coupled with a Nanoscope Illa
recorder. The measurements were done in the tapping mode
onto substrates before and after exposition to the
nanoparticles suspension. The collected datas were analyzed
with the Nanotec WSXM software.*®

Magnetic characterization of NPs assemblies. The
magnetic properties of assemblies were investigated by using
a superconducting quantum interference device (SQUID)
magnetometer (Quantum Design model MPMS-XL).
Magnetizations versus applied magnetic field curves were
recorded at 300K and 5K. Zero field cooling (ZFC) and field
cooling (FC) curves were recorded from 5 to 300 K under
exposition of an applied magnetic field of 75 G. ZFC curves
were first recorded from 5K to 300K after the temperature
had been decreased without applying any magnetic field.
Then, the FC curves were recorded after the temperature was
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set down again to 5K under 75 G. The substrates containing
the assemblies of nanoparticles were placed in a parallel
direction to that of the applied magnetic field. ZFC and FC
curves were normalized from the maximum values of the
magnetization at the blocking temperature (Tg).

3. RESULTS AND DISCUSSION

The assembling of nanoparticles following a bottom up
approach consists in using nanoparticles as nanobuilding
blocks. Therefore, it is of first importance to consider the
assembling of independent nanoparticles. Recently, the
thermal decomposition method was reported to be very
efficient to prepare iron oxide nanoparticles with high
stability in solution [15]. This method also enables the high
control on the size distribution and morphology such as
spheric- [16] and cubic-shaped [18] nanoparticles which
directly influence the magnetic properties. Iron oxide
nanoparticles ~ were  synthesized by the thermal
decomposition of an iron oleate precursor at 310 °C in a high
boiling point solvent such as octylether. At the end of the
reaction it is very important to wash out the sample by
centrifugation and dialysis to remove the side-products of the
reaction as well as the excess of surfactant molecules which
influence the kinetic of the assembling on SAMs [10]. A size
selection precipitation (SSP) procedure was also applied to
narrow the size distribution of nanoparticles. Transmission
electron microscopy (TEM) shows the high control on the
spherical morphology of nanoparticles (Fig. 1a). The size
distribution was measured over more than 300 NPs and is
centred on 12 + 1 nm with narrow size dispersion (Fig. 1b).
The stability of the nanoparticles in THF was investigated by
granulometric measurements using dynamic light scattering
(DLS) (Fig. 1b) and showed a narrow distribution of the
hydrodynamic diameter of 15.9 + 1 nm. This value is slightly
higher than the size of the nanoparticles since the
hydrodynamic diameter includes the oleic acid molecules
adsorbed at the NP surface. This result demonstrates the high
stability of the suspension and the non aggregation of
nanoparticles thanks to the oleic acid which is adsorbed at
the NP surface. The composition of the nanoparticles was
studied by FTIR spectroscopy. Fig. (1¢) shows characteristic
bands of iron oxide (VFe-O = 592 cm™) and of oleic acid
(vC=0 at 1705 cm™ and vC-H at 2840 — 2930 cm™).

The structure of the nanoparticles was also investigated
by electronic diffraction (Fig. 2a) which shows several
intense rings which are all indexed to the Akl plans (220),
(311), (400), (422), (511) et (440) of the spinel structure of
iron oxide nanoparticles. This is confirmed by X-Ray
Diffraction (XRD) measurement which exhibits Bragg peaks
indexed for the same spinel structure (Fig. 2b). The
comparison with the JCPDS card of magnetite (Fe;0,, file
n°19- 629) and maghemite (y-Fe,0;, file n® 39-1346) shows
that the structure is intermediate. These observations
correspond to the partial oxidation of the iron (II) at the
surface of NPs as reported previously [19].

The preparation of SAMs (Scheme 1) was performed by
the reaction of trialkoxysilylated molecules with the silanol
groups at the surface of silicon wafers which have been
cleaned and activated by an O,/Ar plasma. Silicon wafers
were immersed for 12 hours at room temperature under inert
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Fig. (1). Iron oxide magnetic nanoparticles coated with oleic acid.
a) TEM micrograph. b) Size distribution (histogram) measured
from TEM micrographs and hydrodynamic diameter (curve).
¢) FTIR spectra of oleic acid (top) and of nanoparticles coated with
oleic acid (bottom).

atmosphere in a solution of the silylated precursor in dry
toluene. After the reaction, the samples were extensively
washed with toluene and dried under a nitrogen stream. Two
different trialkoxy-silanes were used, the commercial 3-
aminopropyltrieth-oxysilane (APTES) and the N-1-
(triethoxysilylundecyl) thymine (THY-Si) [20], to prepare
SAM-NH2 and SAM-THY, respectively (Scheme 1). The
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samples were very easily characterized by contact angle
measurements. SAM-NH2 and SAM-THY display contact
angles of 78° and 68°, respectively which correspond to
moderately hydrophilic surfaces. These values are higher
than that of a freshly cleaned silicon wafer (16°).
Nevertheless they agree with SAMs decorated with polar
groups at their surface and that present some disorder [21,
22]. The value of SAM-THY is slightly lower than that of
SAM-NH2 and can be attributed to the longer alkylene chain
of the former which favors a better assembling through Van
der Waals interactions compared with the shorter propylene
chain of APTES. The higher polarity of the thymine
compared with the amine group may also account for that.
The thickness of the grafted layer of organotrialkoxysilanes
was also measured by ellipsometry. SAM-NH2 and SAM-
THY display values of 0.4 £ 0.1 nm and 1.2 £ 0.4 nm,
respectively. The measurement was performed at the scale of
the whole sample and shows the homogeneity of both SAMs.
The difference between these values is in agreement with the
different length of the alkylene chains of these two
molecules.

The assembling of nanoparticles was performed by
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immersing SAMs-NH2 and SAM-THY separately in the
NPs suspension in THF at room temperature for 10 and 90
min. The SAMs were subsequently removed and extensively
washed with THF. They were also exposed to ultrasonication
for 10 sec to remove physisorbed NPs on the first layer of
nanoparticles. SAMs were finally dried under a nitrogen
stream. Scanning electron microscopy (SEM) images show
that nanoparticles were deposited on all four SAMs (Fig. 3).
Almost no aggregates are observed which confirms the high
stability of the suspension and the non aggregation of NPs.
For the longer time exposure (90 min) both SAM-NH2 and
SAM-THY are covered homogeneously by NPs with similar
density (about 70 % of the surface is covered). In contrast,
for the shorter time exposure (10 min) SAM-NH2 shows a
lower coverage by NPs (55 %) than SAM-THY (65%).

Both SAMs exhibit functional groups at the surface
which have the ability to immobilize NPs. The amine group
has coordinating abilities while the thymine group induces
stronger chelating interactions. The assembling of NPs
occurs spontaneously by the reduction of the interfacial
energies on specific areas patterned by amine or thymine
groups [23]. NPs are coated with oleic acid and exhibit a
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Fig. (2). Structural data of the nanoparticles. a) Electron diffraction pattern. b) X-ray diffraction pattern.
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Fig. (3). SEM images of a), b) SAM-NH2 and ¢), d) SAM-THY immersed in the NPs suspension for a), ¢) 10 min and b), d) 90 min.

hydrophobic  surface  which  should avoid their
immobilization through interactions with polar terminal
groups from the SAM surface. Indeed, the immobilization of
NPs on the SAMs requires the NPs surface to be directly
available to interact with amine or thymine groups at the
surface of the SAMs. However, oleic acid molecules interact
at the NPs surface by weak interactions. Therefore, there is
equilibrium between molecules at the NPs surface and free
molecules in solution. This equilibrium depends on the
NPs/oleic acid molecules ratio as well as the solvent. The
high density of coordinating or chelating groups at the SAM
surface also significantly modifies the equilibrium [10].
Here, the reaction condition favors the free molecules in
solution and therefore the NPs surface is partially uncovered
and amine or thymine groups interact directly with NPs.
Nevertheless, the kinetics of the assembling of NPs are
clearly influenced by the chemical nature of the functional
groups at the surface of the SAMs. Coordinating amine
groups induce weaker interactions than chelating thymine
groups. Therefore, as we observed previously with hydroxyl
and carboxylic acid terminal groups at the SAM surface, the
density of assembled NPs is modified by the kinetics of the
reaction [10]. Moreover, the immobilization of NPs from the
solution to the substrate occurs randomly in domains. These
domains extend with time and may be favored by dipolar
interaction between NPs. It shows that the immobilization of
NPs on the SAM may initially happen randomly but it is
further directed by dipolar interactions between NPs.
Consequently, this partially random mechanism results in the
partial covering of the surface by NPs which always remain
lower than the highest 2D compacity (0.9) corresponding to
the highly ordered hexagonal compact packing (hcp).

The immobilization of NPs was also investigated on a
larger scale by ellipsometry. All samples, except SAM-NH2
after 10 min, display an increased thickness of 9 nm which
agrees well with the immobilization of a monolayer of 12
nm-sized NPs. This lower value than the NPs diameter can

be related to the incomplete coverage of the surface by NPs
and also by the fact that NPs are spherical. Contact angle
measurements were also performed after the immobilization
of NPs (Table 1). The values are higher than for the
corresponding SAM-NH2 and SAM-THY and agree with the
immobilization of NPs coated with oleic acid molecules on
the side exposed to air and hydrophobic surfaces. Surfaces
with the highest density in NPs display the highest values of
contact angle. In contrast, the contact angle measured for
SAM-NH2 with a shorter exposure time (10 minutes) to the
NPs suspension is slightly lower which is in agreement with
larger unoccupied areas of the SAM.

Table1. Contact Angle Measured on SAMs After Immobili-
zation of Nanoparticles. “ Time of Immersion in the
NPs Suspension
Time * (min) Contact Angle
SAM-NH2 10 93
SAM-NH2 90 107
SAM-THY 10 105
SAM-THY 90 108

The topography of the SAM-THY was also studied by
Atomic Force Microscopy (AFM) in tapping mode after
immersion in the NPs suspension for 10 min. The analysis
was performed on several regions to characterize the SAMs
before and after deposition of NPs (Fig. 4). After immersion
in the NPs suspension, the SAM-THY is featured by a higher
roughness (2.2 + 0.1 nm) than the corresponding SAMs
before immersion (0.5 = 0.1 nm). These results are very
similar to those obtained from SAMs prepared on gold
substrates [10, 11]. It appears that the higher roughness of
gold substrates compared with silicon wafer does not
influence the assembling of NPs. Topographic height
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Fig. (4). AFM images and cross section profile corresponding to the line on the upper part of the AFM images. a) and ¢) SAM-THY 10
minutes after immersion in the NP suspension. b) and d) SAM-THY before immersion.

measurements demonstrate the homogeneous assembling of
NPs on the SAM with a high coverage density. Some
unoccupied areas are observed as the occurrence of darker
regions but do not exceed 15%. Such free areas enable us to
confirm the formation of a monolayer of nanoparticles as
revealed by the surface cross section which shows average
height differences of about 8 nm which is consistent with the
particle size. Individual nanoparticles are not clearly
observed and appear as irregularly shaped blocks because of
their coating with oleic acid and of usual tip effects upon
scanning. In addition, SAMs of organoalkoxysilanes exhibit
a very low roughness and a very flat surface cross section
similarly to those of silicon wafer (not shown). This agrees
with the self-assembling of molecules as a continuous layer
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The magnetic properties of SAM-THY and SAM-NH2
after immersion in the NPs suspension for 10 min have been
studied using a Scanning Quantum Interference Device
(SQUID) magnetometer. Magnetization curves were
recorded as a function of the temperature from 5 K to 300 K
without an applied magnetic field (zero field cooled curve,
ZFC) and under a magnetic field of 75 G (field cooled curve,
FC) (Fig. 5a). Both curves are highly characteristic of 12
nm-sized nanoparticles which are superparamagnetic at room
temperature. The maximum of the ZFC is attributed to the
blocking temperature (Tg), i.e. the transition between the
superparamagnetic and the ferromagnetic state. Below Tg,
the magnetic anisotropy of the NPs becomes stronger than
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Fig. (5). Magnetic measurements on SAM-NH2 (closed symbol) and SAM-THY (opened symbol) after immersion in the NPs suspension for
10 min. a) Zero field cooled (ZFC) and field cooled (FC) curves. b) Magnetization versus an applied field at 300 K and 5 K of SAM-THY

after exposure to the NPs suspension.
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the thermal agitation energy. Both samples are featured by
similar values of 69 K and 71 K, respectively for SAM-NH2
and SAM-THY. These results correspond to dipolar
interactions with similar strength because both films have
similar structure. The only difference between ZFC consists
in the broadening of the ZFC related to SAM-THY which
demonstrates a larger distribution of Tg. This phenomenon
may result from the higher NPs density on SAM-THY than
on SAM-NH2. Indeed, the NPs being assembled in a random
fashion, the dipolar interactions are more complex as a result
of the diminution of the interparticle distance. According to
FCs, the saturation in magnetization below Ty corresponds to
the fact that all NPs interact through dipolar interactions in
the film. Magnetization curves were also recorded as a
function of the applied field and are very similar for both
samples. Fig. (5b) shows M(H) curves at 300 K and 5 K for
SAM-THY after immersion in the NPs suspension for 10
min. At 300 K, no hysteresis is observed whereas at 5 K, a
coercive field of about 170 Oe is measured. These curves are
characteristic of superparamagnetic and ferromagnetic states,
respectively. NPs assembled in the same conditions on
SAM-NH2 show very similar curves which is indicative
similar magnetic properties.

CONCLUSION

Magnetic iron oxide nanoparticles have been assembled
in 2D monolayers by using SAMs of organotrialkoxysilanes.
The properties of NPs such as their non agglomeration and
their high stability in suspension are highly important to
consider their precise assembling following a bottom-up
approach. The chemical nature of the functional head groups
at the SAM surface clearly influences the kinetic of the
assembling process. Thymine groups with strong chelating
abilities result in faster kinetics of the NPs immobilization
than amine groups. Finally, the surface density of NPs
slightly influences the magnetic properties of the film, and
more precisely the strength of the dipolar interactions
between nanoparticles.
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