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ABSTRACT

Remarkable optical and magnetic properties were observed in a Co-thiol-polymer composite. The Co and the thiol ligand used to passivate
the Co surface, instead of generating isolated nanoparticles, grow into nanorings with a radius around 2 nm. These structures consist of small
clusters of metallic Co connected by alkylthiol chains. These small nanorings self-assemble into larger nanorings of ~10 nm, which in turn
self-assemble into larger nanorings in the range of 100-1000 nm in size. We formed a composite by embedding the nanorings in a polymeric
matrix. The resulting material presented interesting optical properties such as absorption and emission in the visible zone of the electromagnetic
spectrum, and a strong nonlinear optical behavior. The absorption and emission are mainly due to the presence of an alkylthiol-cobalt
complex; and the nonlinear optical behavior is due to the presence of the Co clusters inside the polymer matrix. These composites exhibit
a superparamagnetic effect down to 250 K, and below this temperature presented features very similar to those observed in spin-glass-like
systems. In the nanorings a remarkable phenomenon is that, in addition to the superparamagnetic behavior, we found that during measurements
with an applied external field they act as giant aromatic macromolecules and a current circulates through them. The evidence of a current
circulating through the nanorings in the presence of an external field tells us about the possibility to use these structures in the design of
nanosystems. Our work opens new possibilities of using magnetic transition metals to fabricate nanostructured magnetooptical materials.

Research on nanoparticles based on magnetic transitiorbasically with the promise of applications in the fields of
metals has been centered on their magnetic propertiesmedicine and magnetic recorditigf. When the nanoparticles
reach a critical size (approximately 14 nm for the case of
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“superparamagnetiéDespite important improvements such
as the development of corshell CoG-Co nanoparticles
and other methods and techniqdé%this superparamagnetic
limit remains an obstacle for many possible applications of
Co nanoparticles. On the other hand, optical properties of
metallic nanoparticles have been a very active research field
(for many centuries, as reviewed by Daniel and Astiuc
The vast amount of work has been concentrated mainly on
noble metals, such as Au and Ag, basically. For many
applications, the nanoparticles have to be inside of a dielectric =
matrix. These metaldielectric composites prepared below '4
the percolating limit should exhibit very strong nonlinearities (NN
in their optical and electrqnlc prop(.a'rtlé?s.One of thesg Figure 1. SEM image from the “flaky” structures obtained after
systems that have been widely studied is Ag I’]an0pamClespurification of the final product from the nanoparticles synthesis.

in polymers, such as PMMA or epoxy resins. Very little  |nset: Photograph from the final product after removing from
is known about the possible uses of other transition metal filtering paper.

nanoparticles, such as Co, for optical applications. One
interest is that eventually they can combine magnetic and

optical properties in a single material. )
P hp P K d dv th hesis of cobal styrene and polymerized at room temperature over several
In the present work we study the synthesis of cobalt days. The resulting composite materials were characterized

nanopgrticles with a thiql Iigand_ motivqted by the possibility by TEM, high angle annular dark field (HAADF) technique,
of finding new ways of increasing their superparamagnetic atomic force microscopy (AFM), UV-visible absorbance,

tr:';msit@on temperature. It was expecFed to synthesize pamdesphotoluminescence emission (PL), Z-scan technique experi-
with sizes between 1 and 14 nm, i.e., from the Superpara-ents and superconducting quantum interferometer device
magnetic limit (-5 nm) to about the single domain region (SQUID) magnetometer measurements.

(~14 nm). A new synthesis method was used. Samples were" o (asiting composite material showed remarkable

prepared starting with a solution of 0.7 mmol (0.1 9) of GOCl - i) properties, such as optical emission and absorption

in 150 mL of toluene with stirring. Then we add 01'5 mmol characteristics in the visible zone of the electromagnetic
(0.3 mL) of 1-dodecanethiol [CHCH;)1,—SH, 98%] and  gnectrum. We found that these properties can be modified

2.5 mmol (0.3 mL) of a solution 1.0 M of lithium triethyl- it the concentration of Go—thiol complexes. Figure 2
borohydride [LiB(GHs)sH]. After 5 h the final productwas  ghows a few examples of different colors that can be

precipitated in cold ethanol, and the product obtained was ypained, and their corresponding UV-visible spectra. A well-
dissolved in the minimum quantity of toluene needed and yefined absorption peak was found in the region near 500
precipitated again in cold ethanol. This step is repeated WO, and the most intense emission peak was found in the
or three times in order to eliminate the excess of thiol. The region near 560 nm.

final precipitate was then dried and a flaky structure was  The nonlinear optical response of these composites can

obtained. Some of the alkyl molecules dissolved in the e measured from the normalized energy transmittance using
toluene have the chance to coordinate with some of tt¢ Co  the 7.scan method without an apertételhe data can be

and form coordination complexes. These first coordination displayed as & (distance) vsl (intensity) plot or direct
compounds act as the seed for self-assembly of surfactangmages of the laser pulse. A laser pulse at 532 nm with a
molecules, creating preferential sulfur-rich sites for nucleation repetition rate of 1 Hz was used for this study. The pulse
of Co atoms while the reducing agent is added. As a epergy is about 15@J in Z-scan experiments. The spatial
consequence of the size of the sites, we produced smallgistribution of the pulses is nearly a Gaussian profile. The
clusters surrounded by thiol chains. The resulting material samples were placed at the focus of a lens with focal length
self-assembled into a self-supported flaky structure, as of 30 cm for the absorptive optical limiting (OL) measure-
mentioned earlier, with a greenish color. Figure 1 presents ments, while they were placed at the valley position of
an image of this flaky structure. normalized transmittance in Z-scan experiments for the
A closer examination by transmission electron microscopy refractive OL measurements. A sequence of the beam images
(TEM) showed that intercalated fibers that assembled very is shown in Figure 3. In a linear optical material, changes in
much like the structure of a paper form this flaky structure. the position of the sample with respect to the beam source
The resulting product was dissolved in toluene and mixed do not affect the focal point of the system; but in a nonlinear
with a monomer (styrene) to prepare the-@biol—polymer optical material, the changes in position have a direct
composite. We used approximately 5 mL of styrene mono- influence on the focal point. These effects are illustrated in
mer, inhibited with 15-20 ppm of 4tert-butyl-catechol. For ~ Figure 3. For this study the sample analyzed was the sample
this reaction, we decided not to remove the inhibitor, but it observed in Figure 2b.
could have been done by shaking it with aqueous 4% in  To determine the optical properties related to the presence
weight of potassium hydroxide solution under inert atmo- of the C@"—thiol complexes and the properties related to
sphere, extracting the catechol into the aqueous phase. Fothe presence of the Cdhiol nanorings, we form a composite

our initiator, we weighed out either 0.1 g dicumyl peroxide
or 0.1 g benzoyl peroxide. This was added into 50 mL of
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Figure 4. TEM—HAADF images & a 2 nmring structure in a
Co—thiol sample where the arrangement of the clusters can be
observed. (b) A larger nanoring of 10 nm formed by units smaller
than the ones shown in (a). (c) A larger structure of rings observed
inside the polymer. (d) EDS pattern showing the presence of Co
and S in the region shown in (c).

toluene, CoGJ, and thiol. By doing these we ensure no
metallic Co cluster formation and no optical effects related
to them, and we also ensure the formation of thé*Co
thiol complexes. From this experiment we concluded that
Figure 2. Image of four different composites polymeEo?— the changes in the optical absorption and emission effects
thiol+Co systems and their corresponding UV-vis spectra. The observed in the visible zone of the electromagnetic spectrum
concentration of Co and €o-thiol was changed to produce the \yere due to the presence of the 2Cethiol complexes.
g'fﬁggfft_?kﬁgﬁrpt'on peaks. The polymer in (d) contains an excess . yever, as we mentioned above, changes in the absorption
and emission properties of the composites were related to

. changes in the concentration of €e-thiol complexes, and

the concentration of these complexes is related to the
concentration of Co metallic clusters. As the concentration
of Co?** decreases due to its chemical reduction, consequently
decomposing the Cb—thiol complexes, metallic Co con-
centration starts to increase, leading to the formation of more
Co clusters, changing the optical properties of the system,
as can be observed in Figure 2.
Fioure 3. Sequence of beam images obtained from the Z-scan is around 2.0 nm (Figure 4a). We found that this unit self-
angalysis. Varigtion in the focal poingt of the system illustrates the assembled ,m larger closed nanorlngs., as shown in Figure
nonlinear optical behavior of the sample. 4b, with a diameter of~10 nm. Those rings grow and self-
assemble in even larger structures (Figure 4c). Energy
by the method described earlier; but for this composite we dispersive spectroscopy (EDS) analysis from this region
perform a synthesis following all the steps described above, confirms the presence of Co and S in the nanorings (Figure
but we did not add the reducing agent to the solution of 4d).

However, as we mention previously, a remarkable dis-
covery was that Co clusters, instead of growing into larger
nanoparticles, tend to aggregate in nanorings. It was possible
to resolve the nanorings by TEM. TEM images in the
HAADF mode were used to study the Co-thiol rings.
Selected HAADF images are shown in Figure 4. In the
HAADF images the intensity varies, mainly, ag?, where
Z is the atomic number. In our case, Co becomes brighter
than the carbon (polymer) background, so the nanoring
configuration is very clear. A typical diameter of the rings
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Figure 5. AFM images of different polymer composite systems. (a) Image from the sample shown in Figure 2c. (b) Image from the yellow
sample shown in image 2a. (c, d, e, f) Images from a sample synthesized with the same conditions as the red one shown in Figure 2b.

Figure 5 shows examples of AFM images of different rings Schematic models of these structures are shown in Figure
and other structures at the microscopic level. The images6a and 6b.

show that the rings self-assemble in larger structures. It was Magnetic response of the samples was measured with a
possible to establish a correlation between a strong absorptiorsQUID magnetometer. The field cooling (FC) and zero field
peak and the observed pattern. For instance, the absorptiortooling (ZFC) modes were used to extract the magnetization
peak at 507 nm (Figure 2b) corresponds to the nanoring measurements. Field cooling mode consists of applying the
pattern in Figure 5c, while the pattern in Figure 5b corre- field far above a characteristic temperatufg, and cooling
sponds to the peak at 470 nm (yellow film in Figure 2a). the sample in a field tof < Tg, while recording the
This fact illustrates the tailoring of the material optical magnetization. Zero field cooling consists of cooling the
properties at the nanometer level. sample in zero field tof < Tg; at this low temperature a
Raman spectroscopy was also performed on thet@iol magnetic field is applied. Then magnetic data is obtained
samples, and the results are shown in Figure 6. The by raising the temperature > Tg, keeping constant the
on-resonance and off-resonance spectra are shown in Figurenagnetic field. The results are shown in Figure 7. In this
6c and 6d, respectively. Features in the on-resonancefigure we can observe magnetization vs temperature plots
spectrum are hidden by sample luminescence, while the off-at two different fields. The blocking temperatufig, is the
resonance spectrum confirms the presence éf @ad the temperature at which superparamagnetism sets in; below this
alkyl character of the samptéThis is proof of the presence T the FC and ZFC curves are sgliErom Figure 7, we can
of cobalt as a divalent coordinated cation. Since we cannotobserve thalg, for the composite observed in Figure 2b, is
resolve distinct nanoparticles in high resolution transmission at about 250 K, a very high value compared with other
electron microscopy (HRTEM), but only with the HAADF  reported for very similar system of Co nanoparticied®
analysis, we could conclude that metallic particles are in the Skumryev et af. have reported blocking temperatures for
form of clusters with a sizes1 nm; because of this size  Co core/CoO shell nanoparticles of 4 nm in size embedded
they do not produce diffraction contrast. On the other hand, in an antiferromagnetic matrix (CoO) up to 290 K. In
some of the cobalt is coordinated to the alkyl thiols in the addition, both graphs show an increase in the magnetization
form of Co*. This coordination is probably octahedral. inthe FC and ZFC curves as the temperature decreases; and
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Figure 6. Schematics models and Raman spectra. (a) Schematic model showitigic@aapped clusters forming a nanoring. (b) Schematic
model of C&" forming an octahedral coordination complex with thiol molecules. (c) Resonance (632.8 nm) and (d) off-resonance (1064
nm) Raman spectra of the thiol-capped cobalt particles, offset for clarity. Spectral intensities are not to scale. Features in the on-resonance
spectrum are hidden by sample luminescence. The feature at 2910 is attributable toHhstré€tch. Doubly ionized cobalt has low-

temperature Raman features at 233, 551 (doublet), and 962, 984, 1014 (fiplatyh broaden and red-shift into single wide bands at
room temperature, leading to the assignment of the bands betweer5@0@nd 906-1000 to C8".

in the ZFC curve a maximum is observed at approximately ions and deformation of the lattices are also related to the
50 K. An increment in the FC magnetization curve with anisotropy of the system, in this case to the magnetic
decreasing temperature and the maximum observed in theanisotropy, which will tend to align the spins in a preferred
ZFC curve are characteristic features of a spin-glass-like direction. Because of the nature of our system we believe
behavior!® The origin of the spin-glass-like features in these that the anisotropy will be high; we suspect to have a lot of
kinds of systems may be explained in terms of magnetic random interaction between the nanoparticles forming the
frustrations, which originated from competing ferromagnetic nanorings and the Cb ions. Also, the structures in which
and antiferromagnetic exchange interactions, deformation in the nanorings self-assemble, like the ones observed in Figure
the lattices, random interactions, or random distribution of 5, will seem to give a random distribution of the magnetic
magnetic iond? The random distribution of the magnetic ions, leading to a system with high anisotropy. In Figure 7
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properties observed.

Figure 7. FC and ZFC magnetization versus temperature curves Puntes et al® and Tripp et aP' have found that large
with Ts = 250 K for the sample observed in Figure 2b. (a) with  magnetic Co particles can assemble in rings. For instance,
H = 500 Oe and (b) with H= 1000 Oe. Tripp has shown 27 nm Co particles forming 100 nm rings.
we can also appreciate that the magnetization increasesThe nanorings reported in those works are completely
rapidly as we get closer to 0 K. We associate this increment different phenomena since our structures are 2 orders of
to a second transition inside the system: a possible ferro-magnitude smaller and alkylthiol molecules bound the
magnetic transition. The interactions between Co nanopar-nanopatrticles. However, the two phenomena are comple-
ticles forming the nanorings and the interactions between mentary and in both cases a magnetic flux closure is

TEMPERATURE (K)

Co nanoparticles and €oions present in the Cb—thiol expected.

complexes must have an effect on fheas well as in the Another interesting feature of the presented ring structures
second transition observed in the magnetization vs temper-is that they are produced in different length scales. The same
atures plots. pattern produced at a macroscopic level, visible to the bare

A very interesting effect is shown in Figure 8 for the eye (Figure 2d) also is observed in the AFM images at the
magnetization vs applied magnetic field. The hysteresis loop microscopic level (Figure 5c), and, finally, at the nanolevel
seems to implicate that the magnetic energy of the systemin the HAADF images (Figure 4c). Therefore, we think that
under negative magnetic fields seems to be higher than thethe aggregation and self-assembly of the-@wol rings is
energy of the system under positive magnetic fields (areaa self-similar phenomenon and could be described by a fractal
under the curve); this could be related to the anisotropy of dimension.
the system. The hysteresis loop also seems to indicate that The thiol molecules have a great influence on the growing
the nanorings are acting as a closed loop and a currentcharacteristics of this system. Nanorings and other one-
circulates through them. This current is generated when andimensional structures are preferred over nanoparticles. The
external field is applied to them to “screen” this external observation of this phenomenon indicates that the energy is
field. This phenomenon is also observed in aromatic systems.minimized while one-dimensional structures are formed. If
This generated current that opposes the external field will we consider the nanoring in Figure 6a, a total zero magnetic
give rise to a negative contribution to the magnetization, moment will help to minimize the energy. Therefore, the
which would have to be added to the negative magnetizationsuperparamagnetic effect observed in the nanorings is to be
arising from the polymeric matrix. Thus, we will have two expected. The optical emission and absorption can be
contributions to the negative part of the magnetization: the explained by the presence of the?mctahedrally coordi-
intrinsic diamagnetism from the polymeric matrix and the nated to the thiols. This was proven by the results of the
diamagnetism from the nanorings, which seems to increaseexperiment preformed without the use of the reducing agent,
as the applied external field increases, as indicated in thedescribed earlier in the text. The optical absorption and
inset of Figure 8. Due to the complexity of all the possible emission spectra for this experiment were almost identical
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