Colloid Polym Sci (2008) 286:159-168
DOI 10.1007/5s00396-007-1759-9

ORIGINAL CONTRIBUTION

Self-assembled ultra-thin coatings of octadecyltrichlorosilane
(OTS) formed at the surface of iron oxide nanoparticles

Patrick Degen - Anuj Shukla - Uwe Boetcher -
Heinz Rehage

Received: 11 July 2007 /Revised: 8 August 2007 / Accepted: 8 August 2007 / Published online: 5 September 2007

© Springer-Verlag 2007

Abstract In a series of experiments, we coated iron oxide
nanoparticles, which were originally stabilized with lauric
acid, with a polymer layer of Octadecyltrichlorosilane
(OTS). Characterization of the different coated nanoparticles
was accomplished by Static and Dynamic Light Scattering,
acoustic spectroscopy, and Atomic Force Microscopy. In
various experiments, we systematically investigated the
effect of different parameters such as the OTS concentration
and iron oxide content on the particle size of the coated
nanoparticles. It was recognized that the size of the coated
nanoparticles mainly depend on the concentration of OTS
(Cots) measured with respect to the concentration of the
iron oxide particles (Cpag ). Below a well-defined threshold
value of Corg/Ciag, We did not observe any adsorption of
OTS on the surface of iron oxide nanoparticles. The particle
size of OTS-coated iron oxide nanoparticles increased
rapidly at concentration ratios above the threshold concen-
tration and reached a typical plateau value for long periods
of time.

Keywords Magnetic nanoparticles -
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Introduction

Nowadays, synthesis and study of nanometer-size particles
are the subjects of intense research activities [1]. Reduction
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of the particle size to the nanometer scale leads to a
quantitative change of physical and chemical features, and
small particles obey quantum-mechanical properties. Iron
oxide nanoparticles, both fine crystalline and amorphous,
have many important applications in magnetic recording,
solar energy transformation, magnetic fluids, electronics,
and chemical catalysis [1]. To enhance stability, small
particles may be coated by different organic molecules,
which form a chemical bond with the molecules on the
particle surface. Such materials are considered to have
potential applications in biological cell dissolution, in
magnetic separation of minerals as fillers in polymer
matrices, and also for the removal of toxic elements from
industrial wastes [1]. If the molecules surrounding the
particles are able to react with each other, it is possible to
synthesize ultra-thin, cross-linked networks around the
nanoparticles. This leads to the formation of capsules,
which are filled with magnetic nanoparticles.
Self-assembled monolayer (SAM) of different adsorbents
on solid surfaces have become one of the central themes in
modern materials science [2—8], and molecular level engi-
neering of stable model surfaces has been accomplished
using SAM [9]. Fewer publications have described the
synthesis and characterization of self-assembled (SA) coat-
ings on metal or on metal oxide powders [10—12]. In all of
these investigations [10-12], coated surfactants act as a
stabilizer, and these layers are believed to prevent agglom-
eration. The general trend of these studies has been that the
higher the amount of surfactant, the smaller the resulting
particle size [10-12], Rozenfeld et al. [12] synthesized
Octadecyltrichlorosilane (OTS)-coated particles and found
lower stabilization than obtained with Sodium Dodecyl
Sulfate. We have recently studied the coating of OTS on
the magnetic particle synthesized in reverse micellar cavity
[13] In this study, iron oxide nanoparticles stabilized by
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lauric acid have been used as substrates for SA coating
processes of OTS molecules. Up to now, there is no
information about controlling the size of coated iron oxide
nanoparticles just by varying the amount of OTS concentra-
tion. In a series of experiments, we systematically investigated
the effect of nanoparticle and OTS concentration. It turned out
that the concentration ratio, defined as 1= Cors/Cpag, influ-
enced the size and shape.

Static- and Dynamic Light Scattering (SLS and DLS) are
powerful tools for determining small changes in the size of
nanoparticles, which might for instance, be induced by the
adsorption of other molecules at the surface. In the present
study, the adsorption of OTS molecules at the surface of
iron oxide nanoparticles changed the diffusion coefficient
of these magnetic particles. The characteristic Brownian
motion of the modified particles was measured by means of
DLS. Additionally, we used Atomic Force Microscopy
(AFM) to confirm the results of the nanoparticle sizes and
the influence of the OTS molecules. Tapping mode and
phase imaging techniques of AFM [14-16] were used to
analyze our samples. In tapping mode of AFM, the
cantilever was excited into resonance oscillations with a
piezoelectric driver. The oscillation amplitude was used as a
feedback signal to measure topographic variations of the
sample. In phase imaging, the phase lag of the cantilever
oscillation, relative to the signal sent to the cantilever’s
piezo driver, was simultaneously monitored by an extender
electronics module. The measured phase lag was dependent
on the composition of the sample. Tapping mode and phase
imaging could be performed simultaneously, thereby
offering topographical and compositional data for the same
scan area.

We report on new efforts to understand the basic
interactions between lauric acid coated iron oxide nano-
particles and the OTS molecules. SA layers provide us with
the potential to engineer surface properties such as
wettability, adhesion, adsorption, and template crystalliza-
tion. For these potential applications, we need a complete
understanding of the process dynamics and the ways to
control it. The objective of this study is to monitor, in situ,
the self-assembly process of OTS over long periods of time
and to accurately determine the growth of size as a function
of time.

Experimental section

Materials

OTS (purity 98%), lauric acid, tert-Butylmethylether
(TBME, purity 99+%), p-Xylene (purity 99+%), and

Chloroform (purity 99+%) were purchased from Sigma-
Aldrich, Germany. Water was used in bidistilled quality.
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Synthesis of coated iron oxide nanoparticles

The iron oxide cores were prepared as described by F. C.
Meldrum [17]. Solutions of 3.0 g of FeCl; 4 H,O in
12.5 ml of water and 6.0 g of FeCl,-6 H,0 in 12.50 ml of
water were combined, and 12.5 ml of ammonium hydrox-
ide (14.8 M) was added under vigorous stirring. The
resulting black precipitate of magnetite was settled by
placing a magnet below the beaker, and the supernatant
solution was then decanted. Afterwards, the solid was
resuspended in 25.0 ml of 0.75 M ammonium hydroxide.
The solid nanoparticles were then isolated again using
magnetic separation and decantation. The remaining water
was removed by evaporation in vacuum at room tempera-
ture. A solution of 0.40 g of lauric acid in 20.0 ml of
ethanol was then subsequently added to the solid, and
dispersion of the magnetite was induced by sonification.
The ethanol was then removed by rotary evaporation, and
the dried magnetite was resolved in 20 ml of chloroform,
by sonification again. After subsequent extraction, we
obtained a dry powder of magnetite. The magnetite powder
(in 0.5-g quantities) was dissolved in 10.0-ml aliquots of
TBME. The magnetite suspension was sonificated again,
and any insoluble material was separated by centrifugation.
The resulting clear brown suspension was stable (over a
period of at least 3 months) and used as the stock solution 1
(29 g/1 solid matter). The particles were stabilized by the
lauric acid and had a mean size of approximately 17 nm.
This corresponds with the results given in literature [17].
The shape of the particles is also shown in transmission
electron microscopy (TEM) images in literature [17].

Preparation of the different test series

To measure the influence of OTS added to different
solutions of stabilized iron oxide nanoparticles, we used
OTS (3.88 g/l) in TBME as stock solution 2. In a series of
experiments, we added different amounts of stock solutions
1 and 2 in the measuring cuvette and filled them with
TBME up to a volume of 1500 ul. The resulting concen-
trations of magnetic particles and OTS are summarized in
Table 1.

Laser light scattering measurements

The light scattering experiments (both SLS and DLS) were
performed using the Zetasizer Nano instrument (Malvern).
A 4-mW He—Ne laser (633 nm wavelength) with a fixed
detector angle of 173° was used for the measurements. All
measurements were carried out at 25 °C. About 1 ml of the
dust-free sample was transferred to a special light scattering
cell, and the temperature was controlled within a tolerance
of £0.02 °C. The experiments were started 10 min after the
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Table 1 Concentrations of magnetic particles and OTS for different
samples

Sample Concentration of iron Concentration of Cots/Crag
name oxide nanoparticles OTS Cors (g/1)

Cmag (g/l)
Series A: Constant concentration of OTS in tert-butylmethylether
Al 3.95 0.026 0.00655
A2 1.97 0.026 0.01313
A3 0.99 0.026 0.02612
A4 0.39 0.026 0.06631
A5 0.20 0.026 0.1293

Series B: Constant concentration of magnetic nanoparticles in
tert-butylmethylether

Bl 0.75 0 0

B2 0.75 0.00349 0.00465
B3 0.75 0.00698 0.00931
B4 0.75 0.01397 0.01863
BS 0.75 0.01746 0.02328
B6 0.75 0.02793 0.03724
B7 0.75 0.03685 0.04913
B8 0.75 0.06983 0.09311

sample was placed in the DLS instrument to allow the
temperature to equilibrate. To obtain a reliable estimate of
particle size, DLS measurements should be made within the
dilute regime to avoid nonideality arising from concentra-
tion effects. These phenomena are due to interparticle
interaction and multiple scattering. To reduce the interpar-
ticle interaction effects, magnetic particle samples were
measured at different concentrations, and no significant size
variations were observed. To reduce multiple scattering
effect, noninvasive back scattering techniques were used. In
this technique, the illuminating laser beam and detected
scattered light need not travel through the entire sample.
This reduces the chance that incident and scattered photons
will encounter more than one particle, hence reducing the
extent of multiple scattering. In addition, it is also possible
to measure the scattered intensity at different depths within
the sample. Measuring closer to the cuvette wall will reduce
the effect of multiple scattering by minimizing the path
length over which the scattered light has to pass. In our
case, measurement positions were changed manually to
record the effect of changing this parameter. Samples were
measured at five different positions. The minimum position
was chosen such that the detection volume was near to the
cuvette wall, whereas the maximum position was located
near the center of the cuvette. No significant difference of
experimental data was observed as a function of varying the
measuring position in the cuvette. This indicates that
multiple scattering was not significant in our measurements.
Therefore, for all forthcoming experiments, the measure-
ment position was determined automatically through an
optimization procedure of the signal to noise ratio of the
scattered light.

Atomic force microscopy

AFM images were recorded in air at room temperature using a
100 um 100 um piezoelectric scan head (J-Scanner) with a
multimode Digital Nanoscope IV instrument. Tapping mode
and phase imaging studies were performed using a stiff silicon
cantilever tip with a bending spring constant of 29-61 N/m
(manufacture specified; Nanosensors Switzerland). Oscillation
was performed close to its resonance frequency (302—
382 kHz). The scan rate was 1 Hz, and the applied force was
set at its minimum. Larger images not shown in this
publication (10 um x 10 um) were taken to check that the
smaller scaled images show typical structures. To eliminate
imaging artifacts, the scan direction was systematically varied.
All images were plane fit and flattened in Nanoscope IV
software version 5.1.2 rb (Digital Instruments, Santa Barbara,
CA) without using any filtering procedure. Dimensions of the
domains were measured directly from the AFM height images.
Phase imaging can provide information on heterogeneities in
samples and is therefore a good complement to the topographic
measurements. For the interpretation, absolute values of the
phase contrast are not reliable, while relative values within an
image are more accurate [18]. To characterize some small
particles by AFM the particles need to be fixed onto the
substrate. We achieved this by dipping the substrate into the
liquid samples of magnetic nanoparticles with and without
OTS [Sample B1 and B7 (aging time: 500 min)].

Acoustic spectroscopy

For these experiments, we used a DT-1200 Acoustic spec-
trometer developed by Dispersion Technology, New York,
USA [19]. Measurements are carried out at 25 °C in a 50-ml
sample cell and a frequency range of 3—100 MHz. A linear
transmitter—receiver arrangement with transmission tone-burst
variable gap technique is used, which was basically intro-
duced by Andreae [20, 21]. The gap varies from close to zero
up to 20 mm with precision of a few microns due to the
measurements whereas 18 frequencies are chosen. Eight
hundred pulses with rectangular envelope are sent through the
liquid for a given frequency, but the number will be increased
if the signal to noise ratio is less than 40 dB. The
spectrometer measures the ultrasonic attenuation and sound
speed as well and calculates the particle size distribution
(PSD) from it. In general, the sound attenuation of a dispersed
system is the sum of scattering and absorption. Scattering
does not play a role here because it is only relevant for
particles larger than 3 pum. Absorption of sound can be
caused by intrinsic, viscous, thermal, and structural losses.
The viscous loss plays the major role for attenuation by
small particles with high density contrast (between medium
and particle) like it is the case for iron oxide. The density,
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sound speed, and ultrasonic attenuation curve of both the
medium and the dispersed particles must be put in the
database before measurements. In comparison to the inner
core the influence of the organic shell on the measured
attenuation, spectra is negligible. Therefore, the acoustic
spectroscopy measures only the core of the particles.

The shape of particles cannot be detected by this
technique yet.

Results and discussion
Laser light scattering

In DLS experiments, the intensity time autocorrelation
function g,(¢) was recorded. For each sample, this function
was measured fivefold. The average values of these five
measurements were used for data fitting. The autocorrela-
tion function of the scattered intensity was analyzed by
means of cumulants method [22]. This method is nowadays
routinely applied to analyze the DLS data for polymers and
colloidal systems, and this treatment of experimental data
allows determining the diffusion constant and poydisperse
index (PDI). From the diffusion coefficient Dy, the so-
called hydrodynamic diameter (£y) can be calculated
through the Stokes—Einstein relation:

kT

S = 671Dy

(1)

Parameter kg is Boltzmann’s constant, 7 denotes the
absolute temperature, and 7 describes the solvent viscosity.
Alternatively, the data can be analyzed using the inverse

Laplace transform program CONTIN [23], which better
accounts for a continuous distribution of relaxation rates.
However, it must be remarked that Laplace inversion
method lead, in our results, to distributions of diameters
that are similar to the values obtained from cumulant
methods. The size distribution estimated from PDI was also
consistent with the size variations obtained from CONTIN
methods. Therefore, for the sake of simplicity, we present
the results obtained from cumulant methods. The mono-
modal (cumulant) method is used to compare the results
obtained from CONTIN. Sizes obtained from those meth-
ods are intensity (z-average) values. @

As shown in Figs. 2b and 3b, PDI y = <Rh”>2 — 1 measured
for all systems is 0.05-0.20 with an error +10%. This
suggests that the stable suspensions have reasonably narrow
size distributions.

OTS concentration effect Different concentrations of OTS
were injected into solutions keeping constant concentration
of iron oxide nanoparticles. All different concentrations,
used in these experiments, are listed in Table 1. Typical
results are represented in Fig. 1. Comparing the curves of
different OTS concentrations in Fig. 1, it is evident that
OTS molecules start depositing on iron oxide nanoparticles
above a certain concentration. Under conditions where this
threshold concentration was exceeded, the size of coated
iron oxide nanoparticles increased rapidly at the initial
stages of the process. However, adsorption of OTS contin-
ued for long periods of time at reduced rates before reaching
a final plateau value. Further increase of OTS concentration
above a certain value destabilized the system, and phase
separation occurred. It can be seen in Fig. 1a and b that for

Fig. 1 (a) Aging time vs hydro- T T
dynamic diameter of OTS coat-
ed iron oxide nanoparticles
obtained from DLS. (b) PDI as a
function of aging time of OTS-
coated magnetic particles. Errors
are smaller than £2% for the
diameter and +10% for the PDI.
The different probes B1-B8 are
described in Table 1
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Fig. 2 (a) Hydrodynamic diameter vs aging time of OTS-coated
magnetic nanoparticles obtained from DLS. (b) PDI vs aging time of
OTS-coated magnetic particles. Errors are smaller than +2% for the

system B8, size and polydispersity increased very fast. It
turned out that the diameter reached values of the microm-
eter range in a few hours, leading to unstable suspensions.
It can also be seen in Fig. 1 that for a given concentration of
iron oxide nanoparticles, increased OTS concentration
results in higher rates of particle growth.

Iron oxide concentration effect The different concentrations
of iron oxide were injected into solution keeping constant
concentration of OTS (see Table 1). The results are
summarized in Fig. 2.

As can be seen in Fig. 2, similar behavior mentioned
above is observed for the variation of concentration of iron
oxide nanoparticles. Figures 1 and 2 suggest that the size of
OTS-coated iron oxide nanoparticles is dominantly charac-
terized by the concentration ratio p rather than actual
concentration.

Particle growth as a function of the concentration relation-
ship p Plateau size values of OTS-coated iron oxide
nanoparticles vs p are plotted in Fig. 3. Below a critical
ratio 11<0.02, we did not observe any significant increase in
the nanoparticle size. Above this threshold value, the
particle diameter increased rapidly and followed second-
order polynomial behavior.

The particles are probably not uniform spherical as
shown schematically in Fig. 3. The shape of the primary
magnetite particles is shown by TEM in literature [17].

As shown in Figs. 1 and 2, the particle growth rate
increased for elevated values of the concentration ratio p at
the initial stage of the process.

diameter and £10% for the PDI. The different probes Al1-AS5 are
described in Table 1

As shown in Fig. 4, a similar effect as obtained for
hydrodynamic size can be observed in the dependence of
the scattered intensity on aging time. Above the threshold
value of p, scattering intensity increased rapidly at the
initial stages of the process and continued to grow for long
periods of time at reduced rates before finally reaching a
plateau value. For the unstable system BS, the scattering
intensity increased very fast and then started decreasing.
Decreasing scattered intensity indicated a precipitation of
iron oxide nanoparticles.

120
Diameter [nm] =-8.11 +1925 "Cc,mu'(.':ﬂ_mi -mm'{cmgcmw}’
100 7 faty acid
4l #7 polyorganssiloxane
80 - . Iron oxide
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Fig. 3 Variation in magnetic nanoparticle size as a function of the
concentration ratio of OTS and uncoated magnetic nanoparticles
(Cors/Cinag)- Possible growth mechanism are also shown (see text for
details and schematic is not drawn to the scale)
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Fig. 4 Scattered intensity versus aging time of OTS-coated magnetic nanoparticles obtained from SLS. (a) Keeping constant magnetic particles
and varying the amount of OTS. (b) Varying the amount of magnetic particles and keeping constant the amount of OTS

In a series of SLS experiments, we measured the time-
average (or ‘total’) intensity of the scattered light. This
signal arises from concentration fluctuation of the particles
in solution. The excess scattering intensity / of the particles
over that of the continuous phase is described by [22]:

- ATR3G (8}1
3

? -1
a—¢) (1 + BY) @

In this study, G is a constant characteristic of the
instrument, n is the refractive index of the solution, R
denotes the particle size, ¢ describes the volume fraction of
particles, and B is the second virial coefficient. If the
systems under study are ideal, mixtures g—" is constant,
and B is then negligible. Under these conditions, the
scattering intensity should be a function of R® provided ¢
also remains constant. As we did not observe a significant
concentration dependence of the investigated nanoparticles,
we can assume that B is small. Under these conditions, the
scattering intensity should follow Eq. 2. In Fig. 5, we
demonstrate that the scattered intensity follows the ideal R’
behavior. The data, obtained from DLS and SLS experi-

ments are, hence, in good agreement.

Atomic force microscopy

Tapping mode along with phase imaging techniques of AFM
were used to analyze the samples B1 and B7 (aging time,
500 min). The samples were prepared on a silicon wafer using
a dipping process. The AFM imaging was performed just to
confirm the dimensions of the iron oxide nanoparticles and to
investigate the influence of OTS molecules on the shape and
size. Figure 6a,b and ¢ present AFM heights and phase
images as well as their sizes from section analysis for the
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sample B7. Similar measurements were performed for
system Bl (AFM images are not shown). The results of
these experiments point to distinct differences between OTS-
coated and noncoated iron oxide nanoparticles. In case of
iron oxide nanoparticles coated by OTS, cluster of iron cores
were embedded in an OTS shell. This can be easily seen in
the phase image (Fig. 6b). The solid black line is encircling
the white cluster of iron cores (~40 nm). The red dotted line
surrounding the light brownish part corresponds to the OTS
shell (~7 nm). This indicates that OTS-coated nanoparticles
(B7) have sizes of about 54 nm. This result is consistent with
DLS result (~90 nm) for the same sample B7. The
hydrodynamic particle diameter measured by DLS is larger
than the static core measured by AFM because it includes
attached layers of solvents, which migrate with the particles.

In the phase imaging Fig. 6b, nanoparticles can be seen
as separated spots (e.g., white spot inside the red circles)

8

Narmalized scatterd Intensity [10)*
8

. T T L .
0 50 100 150 200 250 300
Aging time [min]
Fig. 5 Normalized scattering intensity as the function of time. The
solid lines are the predictions according to Eq. 2
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with diameters in the range from 8.8 to 23 nm. This is in
very good agreement with the particle sizes of the pure iron
oxide particles (without OTS) measured by DLS (~16 nm).
The iron oxide nanoparticles are embedded in the OTS
matrix, which can also be seen in the height image
(Fig. 6a). As shown in Fig. 6¢c, a cross-section along a line
marked in Fig. 6a gives a height of the embedded magnetic
particles of approximately 16 nm. The height of the
surrounded OTS matrix is approximately 7 nm. These
values are consistent with the data obtained from phase
images and DLS measurements. The formation of single
clusters as seen in Fig. 6b could be caused by the
agglomeration process discussed above. Another reason
could be the transfer of the particles on the surface. During
evaporation of the liquid, a precipitation process could

40.0 nm

20.0 nm

0.0 nm

nm

a
nm
o
o
(']
L=
(=]
c;-—
(]
e [
0 250
nm
C

Fig. 6 Magnetic nanoparticles embedded in an OTS shell and
transferred on a silicon wafer (sample B7): (a) tapping mode AFM
(the shaded bar is a measure of height); (b) phase imaging AFM (the

occur. This can also explain the observed aggregates but
could not be the reason for the increasing values in the
particle diameter by DLS measurements.

Acoustic spectroscopy

An acoustic spectrometer does not directly measure particle
size similar to alternate method like light scattering. It
measures an attenuation spectrum and calculates the particle
size assuming a certain model for describing the sound
attenuation in terms of the physical properties of the system.
Similar to AFM, we investigated sample B1 using acoustic
spectroscopy. The attenuation was measured over a frequency
range from 3 to 100 MHz. As shown in Fig. 7a, measurements

i5.0 °

17,5 ¢

0.0 °

Vert. Distance:

15,9 nm

500

shaded bar is a measure of phase angle); (¢) A cross section along the
line indicated in (a). The vertical distance is measured between the
two marked points
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were repeated five times. The good reproducibility showed
by this test indicated that the sample stability and good
instrument performance.

Some experimental points at low frequency (<7 MHz)
and at high frequency (>50 MHz) are excluded because of
the large errors. (Those frequencies were in the vicinities of
the transducer piezocrystal harmonics). The monomodal
hypothesis is used to fit experimental attenuation curves
[24]. We assume that the size distribution can be properly
described by a log-normal distribution. The corresponding
log-normal PSD is shown in Fig. 7b. The mean size (Dp,can)
of the log-normal distribution in 8.6 nm, and the PDI is
0.11. Herrmann and Lemarechal [25] showed that Dc.n
extracted from the acoustic spectroscopy using log-normal
distribution is related to the apparent hydrodynamic
diameter &5 as

éHDmean(l + }/)2 (3)

In the formula 3, diameter obtained from acoustic
spectroscopy (Dmean) 1S the volume average value, while
the diameter extracted from the DLS (£y) is intensity
average (z-average). In general, the intensity average value
is greater than the volume average value. The apparent

04

Attenuation [dB/crVMHz]
o
N
]

00 —

Frequency [MHz]
Fig. 7 (a) Experimental (five measurements: symbols) and theoretical (red solid line) attenuation spectra for sample B1. (b) Log-normal PSD
extracted from attenuation spectra
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hydrodynamic diameter £y calculated using Eq. 3 with the
values of Dy can and v deduced from acoustic spectroscopy,
is also shown in Fig. 6b. The agreement of £ and PDI from
acoustic spectroscopy with the experimental results
obtained from DLS and AFM is quite good (see Fig. 6b).
The slightly smaller size observed from the acoustic
spectroscopy may be due to the fact that acoustic spectros-
copy measure only the core of the particles.

Proposed mechanism of particle growth

By considering the growth rate, morphology, and size of the
composite particles under different experimental conditions,
two different mechanisms are proposed in analogy to
investigations of previous scientists [26]: Mechanism I,
seeded particle growth, and mechanism II, self-nucleation
particle growth.

In mechanism I, when £>0.02, the seeded particle
growth started, because the surfactant film at the surface
of the iron oxide nanoparticles absorbed OTS monomers
and polymerization occurred (Influence of water). Some
free Fe—OH groups may have participated in the adsorption

Acoustic Spectroscopy b
D= 86nm
4 - (PD)=0.11
&~ 11nm(eq.)
9
o
™ pLs
'} s ” £~ 16 nm
g o (PDI)~0.1
E A (see Figure 2B)
2 N oo
) oo
3‘ I
J oo
| | SampleB1
oo
o o
0 T ..Q'rrr|5—|—|—|—rrrrrr
1 10 100
Diameter [nm)]
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of OTS at iron oxide nanoparticle surface [12]. This is
consistent with the observed (6 nm) increase in radius of
iron oxide nanoparticles (DLS) just above the critical
threshold concentration ratio p.

In mechanism II, at elevated OTS concentrations, the
surfactant layer may be destroyed by the large amount of
excess OTS molecules. Under these conditions, significant
coagulation of iron oxide nanoparticles occurred, and the
particle growth proceeded mostly through self-nucleation.
Iron oxide nanoparticles coagulated with each other until a
new stability was regained by adsorption of OTS mole-
cules. Particle growth is generally faster in case of self-
nucleation than in seeded polymerization [25]. This is
consistent with the observed cluster of iron oxide nano-
particles (~40 nm: B7) in OTS shell (~7 nm) for OTS-rich
sample B7 from AFM.

As mentioned above, Figs. 2 and 3 show the particle
growth at different stages of aging. These figures indicated
that at higher monomer concentrations (large values of ),
the particle size and the rate of particle growth increased.
For samples of series A, particle growth started from
sample A3, and for series B, particle growth was observed
from sample BS5. The particle sizes slowly increased up to
about 27 nm for sample B5. This suggests that the coated
iron oxide nanoparticles of sample B5 were modified by
adsorption and cross-linking of OTS molecules around the
iron oxide nanoparticles. In the case of the A3 samples,
more monomer was present, and the particle size was larger
than B5 as expected. This suggests that the surfactant layer
was destroyed due to the presence of excess OTS
molecules. This favors coagulation until a new stability
was regained by the adsorption of OTS molecules at the
iron oxide surface. Thus, the stable OTS-coated iron oxide
nanoparticles were mainly generated from seeded particle
growth and partially from self-nucleation. Coagulation of
seed particles increased with the increase in pu. We first
measured a marked growing process in the particle size of
B8, and after some time, the system became unstable, and
one could observe the precipitation. This could be
explained by the fact that B8 samples have high nano-
particles and monomer concentrations. Both factors favor
the coagulation of iron oxide nanoparticles: at elevated
concentration, the particle coagulation occurred more
frequently, and excess monomer destroyed the surfactant
layers. For the B8 samples, the coated iron oxide nano-
particles were mainly generated through self-nucleation,
which made them unstable.

Figure 8 shows the surface area per OTS molecule
calculated from elementary analysis. These measurements
(See Fig. 8) reconfirmed the above-mentioned mechanism
for particle growth. It turns out that the size of the coated
iron oxide nanoparticles is correlated with the amount of
OTS. As shown in Fig. 8, for ;4>0.050, surface area

—. 10,0
2
] )
g [ ®
8 50|
S K
o
g 25} @@
g | " e o
.§ 00 £ &€ ®
o 1 1 1 " 1 1
20 40 60 80 100 120
Diameter [nm]

Fig. 8 Surface area per OTS molecule as a function of the nano-
particles size. The reported values were obtained after subtraction of the
monolayer shell of OTS from measured plateau values. The solid line
describes the required surface area for each bonded molecule, which is
needed to form close-packed monolayer coverage [21]

occupied by OTS molecules is of the order of 0.2 nm?. This
corresponds well with the literature values for formation of
close-packed monolayer coverages [24]. It is interesting, to
note, that a certain minimum surface concentration
1.52 nm? per reactive monomer of OTS is required for
the particle growth. Similar threshold concentrations were
observed for the formation of two-dimensional networks at
the oil-water interface [24].

In our laboratory, we do not have the facility to measure
the magnetic behavior of the nanoparticles in detail (for
example by B-H curves). Therefore, we could not predict
the magnetic behavior of the nanoparticles after polymer-
ization process. But we are sure that in both, the polymer
coated particles and the noncoated ones, the inner core is
magnetic. Both liquid suspensions showed macroscopic
reaction on an outer magnetic field in a range of
approximately 0.1 T.

Conclusions

In a series of experiments, we used light scattering, acoustic
spectroscopy, and AFM measurements to explore the SA
coating of OTS at the surface of iron oxide nanoparticles.
The results of these different experiments were found to be
in fairly good agreement. We observed that DLS and SLS
are powerful techniques to characterize such type of
nanoparticles especially in the regime of relatively low
concentrations. In contrast to other methods that provide
similar information, light scattering technique is relatively
quick and reproducible and does not require calibration
standards or complicated sample preparations.

In a series of experiments, we observed that the size
growth rate and the final diameter was highly dependent on
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the concentration ratio pu=Cors/Cmag. In conclusion,
uniform, OTS-coated iron oxide nanoparticles have been
synthesized in the range from 27 to 100 nm with narrow
size distribution. The results of our experiments showed
that two different mechanisms of particle growth were
involved depending on the different values of p. In the
regime of low OTS concentrations (small values of ),
seeded polymerization was the main source to form OTS-
coated nanoparticles. In regions of excess OTS concen-
trations (large values of p), coagulation processes occurred
before regaining stability. In this concentration regime, we
therefore, observed the formation of large aggregates.
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