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Controllable preparation of nanocomposites
through convenient structural modification of
cobalt contained organometallic precursors:
nanotubes and nanospheres with high selectivity,
and their magnetic properties†

Zhijun Ruan,a Carrie Y. K. Chan,b Jacky W. Y. Lam,b Qi Wu,a Qianqian Li,a Jingui Qin,a

Ben Zhong Tangb and Zhen Li*a

For the first time, POSS moieties were introduced to organometallic precursors, PM1 and PM2, for solid-

state pyrolysis, in which PM1 contained one [Co2(CO)6] unit, while PM2 contained two. For comparison,

their analogues, M1 and M2 without POSS groups, were also prepared. By regulating the number of

[Co2(CO)6] moieties and introducing the POSS group, the morphology and size of the obtained

nanocomposites could be well controlled: uniform nanotubes could be obtained from M2 and PM2,

while uniform nanospheres from M1 and PM1. Also, the size of the obtained nanocomposites from PM1

(PM2) is much smaller than that of M1 (M2). The obtained carbon/metal nanocomposites demonstrated

good magnetic properties, with Ms values up to 33.4 emu g�1, making them promising candidates for

practical applications.
Introduction

Carbon-based materials, especially hybrids of metal nano-
particles with nanostructures, have attracted growing interest,
due to their novel structure and unique electronic, photonic,
thermal, magnetic, and mechanical properties. Different
approaches have been successfully explored for the preparation
of various functional carbon-based materials, in which the
transition metal catalyzed solid-state pyrolysis of well dened,
carbon-rich precursors, generally organic molecules and poly-
mers, was a promising one for large scale production,1 and
demonstrated relatively good control of the dened carbon
materials.2 By choosing some special metal, the yielded carbon-
based materials could exhibit magnetic properties, and be
utilized for a wide range of applications, such as bio-detection,
magnetic carriers for drug targeting, magnetic resonance
imaging and information storage.3 More importantly, the metal
nanoparticles formed in the pyrolysis process could be wrapped
by the carbon atoms, to avoid their aggregation and oxidation
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during storage and in usage.4 Since the precursor structure
could inuence the structure of the carbonmaterials, leading to
the possibly different magnetic properties, it is badly needed to
know more about the relationship between the precursors and
products.

Polyhedral oligosilsesquioxanes (POSS), is a type of organic/
inorganic hybrid nanostructured molecule, which contains a
Si–O core and organic surface. Due to its special cubic cage
structure, it is a useful nanometer-scale building block in a wide
range of polymeric materials and nanocomposites, to improve
the thermal stability, mechanical properties, dielectric proper-
ties, anti-aggregation properties, oxidation resistance and ame
resistance of the materials.5 Considering that POSS molecules
may hinder small metal nanoparticles aggregating into larger
particles to adjust the size and the structure of the resultant
nanomaterials,6 and can be converted into SiO2 aer pyrolysis
to prevent the metal nanoparticles from being oxidized more
effectively,7 we attempted to introduce POSS groups into
organometallic precursors, with the aim of obtaining new
carbon/metal nanocomposites with controllable structure and
improved stability through the solid-state pyrolysis method.
Interestingly, so far, no related work has been reported con-
cerning the POSS-containing organometallic precursors.

Therefore, in this work, to obtain new cobalt nanoparticles-
based magnetic materials, two representative organometallic
precursors PM1 and PM2 containing POSS and cobalt moieties
were successfully synthesized, in which PM1 contained one
[Co2(CO)6] unit, while PM2 contained two. The different
J. Mater. Chem. C, 2014, 2, 633–640 | 633
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concentrations of [Co2(CO)6] could regulate the metal–aromatic
carbon ratio, thereby controlling themorphology of the resultant
carbon/metal nanocomposites upon solid-state pyrolysis. For
comparison, their analogues, M1 and M2, without POSS moie-
ties, were also prepared. Aer pyrolysis, the obtained carbon/
metal nanocomposites demonstrated good magnetic properties,
with Ms values up to 33.4 emu g�1. Interestingly, their
morphology could be well controlled as nanospheres or nano-
tubes, and their size could be adjusted by the introduction of the
POSS moieties, once again conrming the power of the concept
of precursor-controlled pyrolysis towards dened carbon mate-
rials. Herein, we would like to present the syntheses, charac-
terization, morphology, and properties in detail.
Results and discussion
Synthesis and structural characterization

Organometallic precursors M1, M2, PM1 and PM2 were all
prepared by the reaction between an alkynyl-functionalized
organic framework and a large excess of [Co2(CO)8] (Scheme 1),
with satisfactory yields (higher than 60%). Scheme S1† illus-
trates the synthetic routes of compounds 1, 2, 3 and 4, through
the efficient esterication reaction, compounds 3 and 4 con-
taining POSS moieties were prepared with high yields. It should
be pointed out that the whole syntheses were straight forward
with relatively high yields, and the purication procedure was
very simple with high efficiency. This would make the products
relatively cheap, once they have been commercialized.

All the nal products and intermediates were well charac-
terized by spectroscopic methods, including nuclear magnetic
resonance (NMR), mass spectroscopy, elemental analyses (EA)
and Fourier transform infrared (FTIR) spectra, which conrmed
Scheme 1 Synthetic pathway of the compounds M1, M2, PM1 and
PM2.

634 | J. Mater. Chem. C, 2014, 2, 633–640
their explicit molecular structures (Fig. S9–S38†). Aer incorpo-
ration with the [Co2(CO)6] unit, the

13C NMR spectra (Fig. S28,
S31, S34 and S37†) demonstrated obvious signal shis for the
carbons of the alkynyl groups, and a single signal assigned to the
carbonyl carbon of [CCCo2(CO)6] appeared at about 199 ppm.
Fig. 1 shows the IR spectra of 2, M2 and PM2. The stretching
vibration of the alkynyl groups of 2 was observed at 2208 cm�1,
which completely disappeared in M2 and PM2. However, in the
spectra ofM2 and PM2, three strong absorption bands appeared
in the range of 2019 to 2090 cm�1, which were the typical
absorptions of [CCCo2(CO)6], conrming that [Co2(CO)8] has
been completely reacted with alkynyl groups. The successful
incorporation of the POSS cage could also be conrmed through
the IR spectra: in comparison with those of 2 and M2. In the
spectrum of PM2, a broad absorption band appeared at 1114
cm�1, corresponding to the stretching Si–O–Si bonds of the
POSS cage. The IR spectra of 1,M1 and PM1 is given in Fig. S1,†
and similar results were obtained. TheMALDI-TOFmass spectra
further proved the explicit molecular structures of the organo-
metallic precursors. Taking M1 as an example, a peak was
observed at m/z 760.9, which should be assigned to a parent ion
with the loss of one CO group (Fig. S29†).
Thermal properties

The work from the group of Müllen and co-workers has already
proven that the pyrolysis program, including heating rate,
temperature, and holding time, has a signicant inuence on
the structure of the resultant nanocomposites. Generally, the
precursors were rst heated to the decomposition temperature
of the Co–carbonyl groups and held at this temperature for
several hours, and then heated to a higher temperature and
held there for several more hours. Although in our case, PM1
and PM2 contained the POSS moieties, the pyrolysis process
should be similar to those reported in the literature.8

In order to obtain a more perfect result, the thermal prop-
erties of the organometallic precursors and their crude mate-
rials were investigated by thermogravimetric (TGA) analysis
Fig. 1 IR spectra of (a) 2, (b) M2, and (c) PM2.

This journal is © The Royal Society of Chemistry 2014
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(Fig. 2). The thermal-decomposition temperatures (Td, corre-
sponding to a 5% weight loss) of the organometallic precursors
were at about 180 �C. Thus, the pyrolysis program was deter-
mined as following: powders of the organometallic precursors
were placed in quartz tubes sealed under a high vacuum, and
were then subjected to the same heating programs. They were
rst heated slowly to their decomposition temperature (180 �C),
held for 2 h to ensure the complete decomposition of the Co
complexes, then heated to a higher temperature (700 �C), where
the sample was held for eight hours. The experiments were also
conducted at higher temperatures and for different time inter-
vals. It was found that 700 �C was the most suitable temperature
and 8 h was sufficient. Aer slowly cooling to room tempera-
ture, the obtained product was characterized by using powder
X-ray diffraction, scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), energy-dispersive spec-
troscopy (EDS) and a vibrating sample magnetometer.

Interestingly, in the TGA thermograms, the decomposi-
tion temperatures of the alkynyl-functionalized organic
compounds 1, 2, 3 and 4 were determined to be in a range
from 295 to 390 �C, much higher than those of the organo-
metallic precursors (�180 �C). This indicated that when
[CCCo2(CO)6] decomposed to cobalt nanoparticles, the POSS
cage could still keep its shape.9 Thus, to a certain extent, it
was expected that the POSS cage should be able to
hinder small cobalt nanoparticles aggregating into larger
particles.
Fig. 2 TGA thermograms of (a) 1, (b) 2, (c) 3, (d) 4; (e)M1, (f)M2, (g) PM1
and (h) PM2measured under nitrogen at a heating rate of 10 �Cmin�1.

This journal is © The Royal Society of Chemistry 2014
Nanosphere and nanotube formation by the pyrolysis of
precursors

As discussed above, the precursor-controlled pyrolysis process
is a powerful approach to yield dened carbon materials . Also
actually, the prepared organometallic complexes could be easily
converted to two types of carbon/metal nanocomposites,
nanospheres and nanotubes, under the same pyrolysis program
with high yield and purity.

The solid-state pyrolysis (SSP) of M1 and PM1, both gave
uniform nanospheres with a core–shell structure. For precursor
M1, SEM and TEM analysis showed that the diameter of the
formed nanospheres was mainly about 110 nm (Fig. 3a–d). As
shown in Fig. 3c, it is easily seen that Co nanoparticles were
embedded in carbonaceous materials, mainly amorphous
carbon with a thickness of about 8 nm (Fig. 3d). SEM and TEM
analysis of precursor PM1 showed that the diameter of the
nanospheres mainly ranged from 8 to 20 nm, and the metallic
Co nanoparticles were encapsulated very well (Fig. 3e–h). From
the high-resolution TEM image (Fig. 3h and S2†), we can see
that the Co NPs have a graphitic coating. The number of
graphitic shells ranged from 4 to 6, and the spacing between the
layers was 3.58 Å, consistent with the range reported for the
interplanar spacings of graphite (d002 ¼ 3.4–3.9 Å).10 Comparing
between the obtained nanospheres M1 (Fig. 3a–d) and PM1
(Fig. 3e–h), we found that the introduction of POSS groups
could make the nanospheres have a much smaller size with a
better dispersibility.

Unlike the cases ofM1 and PM1, the pyrolysis of compounds
M2 and PM2 produced uniform multiwalled CNTs in high
yields. Transmission electron microscopy (TEM) analysis
revealed that the average inner and outer diameters of the CNTs
were 36 and 80 nm for M2, respectively (Fig. 4b and c).

The tubes are well graphitized, made up of 30–40 layers, with
a d002 of 3.45 Å (Fig. 4d). The Co particles having a diameter of
40–100 nm, were located mainly at the tip of the CNTs and
wrapped in orderly graphene layers (Fig. 4c and S3c†), or
encapsulated by well graphitized carbon nanospheres
(Fig. S3b†). As for the precursor PM2, the obtained CNTs have a
uniform size with an inner diameter of about 20 nm and an
outer diameter of about 40 nm (Fig. 4e–h), almost half of the
size of the CNTs obtained from M2, the wall of the CNTs here
was composed of oblique graphene fragments (always
comprised of 20 graphene layers), and the interlayer distance
was 3.57 Å (Fig. 4h). Also, there were many clean CNTs without
the presence of Co particles (Fig. S3e†). Very different from the
case of M2, there were many small Co nanoparticles with a
diameter of about 10 nm in the CNTs (Fig. 4g), and these Co
nanoparticles also had a good graphitic coating (Fig. S3f†). The
high-resolution TEM image showed that the well-structured
graphite layers were covered with a layer of amorphous mate-
rials (Fig. 4d and h).

Meanwhile, an abnormal phenomenon was observed in the
case of precursor M2: there was a small shorter CNT with a
length of 500 nm in a larger CNT (Fig. S4a–c†). Although the
formation of this structure was not fully understood, it might
stimulate the interest of other scientists to research the internal
J. Mater. Chem. C, 2014, 2, 633–640 | 635
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Fig. 3 SEM (a and e) and TEM (b, c, d, f, g and h) images of the materials obtained through thermolysis of compoundsM1 and PM1. (a, b, c and d)
for precursor M1, (e, f, g and h) for precursor PM1. TEM images at high magnifications (d and h).
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mechanism. Also, some bamboo-shaped CNTs (Fig. S4d†) were
formed, possibly due to the presence of nitrogen atoms, which
have been previously observed in nitrogen-doped CNTs.11

The results as described above, conrmed that the structure
and morphology of the nanomaterials could be controlled by
regulating the number of the [Co2(CO)6] moieties and the
introduction of the POSS moieties. When there were two
[Co2(CO)6] moieties, such as compoundsM2 and PM2, uniform
nanotubes with graphitic wall structures could be yielded,
however, the decrease of the number of the [Co2(CO)6] moieties
from two to one as M1 and PM1, generated nanospheres with a
Fig. 4 SEM (a, e) and TEM (b, c, d, f, g and h) images of the materials obtai
for precursor M2, (e, f, g and h) for precursor PM2. TEM images at high

636 | J. Mater. Chem. C, 2014, 2, 633–640
core–shell structure. The main reason should be the metal
loading concentrations of the precursors, which changed the
ratio between the metal and aromatic carbon atoms. With a low
metal loading concentration, the metal catalyst was not enough
to catalyze the formation of the CNTs.12 Just by adjusting the
concentration of the [Co2(CO)6] moieties to a higher level,
beautiful nanotubes could be obtained. As to precursor PM2,
the introduction of POSS groups also imported a large number
of alkyl chains to reduce the ratio between the metal and carbon
atoms, but considering the six-membered-ring-based growth
model for the growth of CNTs with benzene precursor,13 we
ned through the thermolysis of compoundsM2 and PM2. (a, b, c and d)
magnifications (d and h).

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 XRD diffractograms of (a) M1, (b) PM1, (c) M2 and (d) PM2 after
pyrolysis.
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thought that aromatic carbon atoms have some advantages in
the formation of CNTs than the alkyl ones in our system. So we
used the ratio between the metal and aromatic carbon atoms to
evaluate the concentration of the cobalt, and in this case, PM2
has a higher ratio between the metal and aromatic carbon
atoms, so it still produced beautiful nanotubes.

On the other hand, the presence of the POSS group can
adjust the size of the resultant nanomaterials efficiently, in
comparison with those without the POSS moieties, the POSS-
containing organometallic precursors produced nanomaterials
with a much smaller size. It was proposed that the POSS group
(possibly the presence of the silicon–oxygen cage) efficiently
hampered the movement of cobalt nanoparticles, thus
preventing small cobalt NPs aggregating into larger particles.

Composition of the nanocomposites

In order to gainmore insight into the crystal phase and chemical
compositions of the obtained nanocomposites, we investigated
the organometallic precursors and nanocomposites by powder
X-ray diffraction (XRD) and energy-dispersion X-ray (EDX). To
differentiate between the nanocomposites and their precursors,
the nanocomposites obtained by the SSP of M1, M2, PM1 and
PM2 were named as M1-S, M2-S, PM1-S and PM2-S respectively.

Fig. 5 shows the XRD patterns of the organometallic
precursors before pyrolysis. All the spectra showed a broad
diffraction peak near 20� due to the amorphous silica matrix.
The diffraction peaks of PM1 and PM2, which appeared at 2q ¼
8.3� (1.07 nm) were associated with the hexagonal crystalline
structure of the POSS cage.14 Fig. 6 shows the XRD patterns of
the nanocomposites, which exhibited Bragg reections at the 2q
angles of 44.3, 51.7 and 76.2�. These reection peaks can be
identied to the (111), (200) and (220) planes of Co with a face
centered cubic (fcc) structure.15 However, there were no obvious
diffraction peaks observed at about 26�, which was the typical
signal for the graphite structure. There might be two possible
reasons: one was that the broad diffraction peak of the amor-
phous silica matrix hid the graphitic peak and inuenced the
Fig. 5 XRD diffractograms of (a)M1, (b) PM1, (c)M2 and (d) PM2 before
pyrolysis.

This journal is © The Royal Society of Chemistry 2014
observation, another one was that there were some metallic
cobalt or other impurities covered on the graphene layers of the
as-synthesized samples (see the HRTEM images).16 As the
content of Co particles increased, the intensity of the diffraction
peaks became narrower and sharper, indicating an improve-
ment in crystallinity and enlargement of the cobalt nano-
crystallite size. The peaks for the fcc-Co in M2-S were sharper
than the other nanomaterials, revealing that the crystallites
were more perfect and larger in size.17 However, the intensity of
diffraction peaks of PM2-S, with the higher concentration of
metal contents than that of PM1-S, were the most inconspic-
uous, possibly due to the smallest size of the Co nanoparticles
(see Fig. 4g).

SEM-EDX and TEM-EDX were used to analyse the chemical
compositions and element distribution of the obtained nano-
composites. From the SEM-EDX (Table 1 and Fig. S5†)
measurements, the cobalt contents in the bulk of M1-S, M2-S,
PM1-S and PM2-S were tested to be 22.63, 14.18, 27.23 and
19.08%, respectively, and their carbon contents were 77.37,
35.11, 62.76 and 39.98%, respectively. Compared to the
compositions of organometallic precursors (Table S1†), the
cobalt contents of the obtained nanocomposites all increased.
For M1-S, only carbon and cobalt elements could be easily
detected, thus, the oxygen atoms that existed in compound M1
were transformed into some oxygen-containing gas
compounds. However, a small amount of silicon and oxygen
Table 1 Compositions of M1-S, PM1-S, M2-S, and PM2-S, estimated
by SEM-EDX analyses

Sample C (%) Co (%) Si (%) O (%)

M1-S 77.37 (61.00)a 22.63 (14.97) 0.00 (0.00) 0.00 (18.28)
PM1-S 35.11 (51.55) 14.18 (7.23) 21.76 (13.78) 28.95 (20.60)
M2-S 62.76 (55.26) 27.34 (20.09) 2.98 (0.00) 6.92 (20.45)
PM2-S 39.98 (50.02) 19.08 (11.69) 15.50 (11.14) 25.44 (21.42)

a The numbers in parentheses represent the content of the element in
the corresponding organometallic precursors.

J. Mater. Chem. C, 2014, 2, 633–640 | 637
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Table 2 Magnetization data for various samples measured at 300 K

Sample Ms (emu g�1) Mr (emu g�1) Mr/Ms Hc (Oe)

M1-S 24.4 2.21 0.09 88
PM1-S 20.4 2.83 0.14 126
M2-S 33.4 6.02 0.18 327
PM2-S 13.8 1.73 0.13 99
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was found in M2-S, possibly due to some SiO2 that came from
the quartz tubes used in the pyrolysis experiments. PM1-S and
PM2-S, derived from the POSS containing precursors, possessed
a high contents of silicon and oxygen atoms. At the same time,
the carbon contents ofM1-S andM2-S increased, but decreased
in PM1-S and PM2-S. All of this indicated that the silicon–
oxygen cage of the POSS group was converted into SiOx aer
pyrolysis.

The HRTEM images have already indicated the core–shell
architecture of M1-S and PM1-S. TEM-EDX was used to analyse
the chemical compositions of the core–shell architecture and
found the existing place of SiOx in PM1-S and PM2-S. When the
electron beam passed through the center and the shell of M1-S
(Fig. S6a and b†), Co and C were the main elements detected.
This indicated that the core–shell nanospheres had a Co@C
architecture. When the electron beam passed through the
center of PM1-S, Co atoms together with fewer C atoms in the
core showed up in Fig. S6c.† When the electron beam passed
through the shell, all the elements of Co, C, Si and O were
detected (Fig. S6d†). The presence of Si and O in the shell, and
the change of the relative concentrations of each element
between the center and the shell, indicated that the core–shell
nanospheres had a Co@C–SiOx architecture. Also, the TEM-EDS
analysis results in Fig. S7a–d† clearly demonstrate the chemical
compositions and element distribution of M2-S and PM2-S.
From the HRTEM, SEM-EDX and TEM-EDX analysis results, we
could make the conclusion that the silicon–oxygen cage of the
POSS group in the precursors was converted into SiOx upon
pyrolysis, and the formed SiOx was covered on the surface of the
graphitic wall. This architecture would be benecial in pre-
venting the nano-cobalt from being oxidized more effectively.
Magnetism of the nanocomposites

We studied the magnetic properties of the nanomaterials, all
the CNPs are magnetizable and can be readily attracted to a
magnet at room temperature. To quantitatively investigate their
magnetic behavior, the nanomaterials were characterized by
using a vibrating sample magnetometer. Fig. 7 shows the
magnetization curves of the magnetic nanoparticles, all the
obtained nanomaterials exhibit so-magnetic behavior with
Fig. 7 Plots of magnetization (M) versus applied magnetic field (H) at
300 K for (a) M1-S, (b) PM1-S, (c) M2-S, and (d) PM2-S.

638 | J. Mater. Chem. C, 2014, 2, 633–640
high magnetizabilities. The magnetization data is shown in
Table 2. The saturation magnetization (Ms) ranged from 13.8 to
33.4 emu g�1, and the order of theMs wasM2-S >M1-S > PM1-S,
consistent with their metallic contents. However, the saturation
magnetization of PM2-S was lower than that of PM1-S, possibly
due to its poor crystallinity and small size (see XRD diffracto-
gram Fig. 6).18 Overall, considering the relatively lower
concentration of their metal contents, the obtained nano-
materials showed good magnetic properties,19 possibly as a
result of their high oxidation resistance. The SEM measure-
ments ofM2-S and PM2-S were carried out without coating with
gold metal (Fig. S8†). The clear images of the SEM photographs
indicated that the nanomaterials are electrically highly
conductive, possibly due to their conductive graphite carbon
and metallic cobalt.20
Conclusions

In summary, four organometallic precursors containing cobalt
moieties were synthesized successfully. To the best of our
knowledge, this is the rst utilization of solid-state pyrolysis
(SSP) of POSS group-containing organometallic precursors to
generate nanocomposites. By simple structural modication,
uniform nanotubes and nanospheres could be controllably
prepared efficiently with high selectivity, and their morphology
and size could be controlled by regulating the number of
[Co2(CO)6] moieties and introducing the POSS group. The
obtained nanomaterials all show good magnetic properties.
Coupled with their high oxidation resistance and good stability,
they could be promising candidates in practical magnetic
applications. Thus, the preliminary results conrmed the power
of the method of the solid-state pyrolysis of organometallic
precursors, and also provided some useful information for the
further development of POSS containing materials in the
research eld of nanomaterials.
Experimental
Materials and instrumentation

Tetrahydrofuran (THF) was dried over and distilled from K–Na
alloy under an atmosphere of dry nitrogen. Triethylamine (Et3N)
was distilled under normal pressure and kept over potassium
hydroxide. Dichloromethane (DCM) was dried over and distilled
from CaH2. PSS-(3-hydroxypropyl)-heptaisobutyl substituted
(POSS) was purchased from Sigma-Aldrich, octacarbonyldico-
balt was purchased from Alfa Aesar. All other reagents were
used as received without further purication. 1H and 13C NMR
This journal is © The Royal Society of Chemistry 2014
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spectroscopy studies were conducted with a Varian Mercury 300
spectrometer using tetramethylsilane (TMS; d ¼ 0 ppm) as an
internal standard. EI-MS spectra were recorded with a Finnigan
PRACE mass spectrometer. MALDI-TOF mass spectra were
measured on a Voyager-DE-STR MALDI-TOF mass spectrometer
or a GCT premier CAB048 mass spectrometer using a 337 nm
nitrogen laser and CHCA or DCTB as a matrix. The Fourier
transform infrared (FTIR) spectra were recorded on a Perki-
nElmer-2 spectrometer in the region of 4000–400 cm�1.
Thermal analysis was performed on a Netzsch STA 449C
thermal analyzer at a heating rate of 10 �C min�1 in nitrogen at
a ow rate of 20 cm3 min�1 for thermogravimetric analysis
(TGA). Elemental analyses were performed by a CARLOERBA-
1106 by a micro-elemental analyzer. TEM was performed on a
JEM-2010HT or JEM-2010FEF microscope at an accelerating
voltage of 200 kV. The TEM samples were prepared by drying a
droplet of the suspension on a TEM copper grid with a carbon
lm. SEM was performed on a QUANTA scanning electron
microscope. Energy-dispersive X-ray spectroscopy (EDS) was
taken on the SEM or that attached to the TEM. The XRD anal-
yses were performed on a Bruker D8 Advanced X-ray diffrac-
tometer with CuKa radiation (l ¼ 1.5418 Å). Magnetization
curves were recorded on a Lake Shore 7037/9509-P vibrating
sample magnetometer at room temperature.
General procedure for the synthesis of compounds M1, M2,
PM1 and PM2

Typically, [Co2(CO)8] (5.00 equiv) and compound 1 or 2 or 3 or 4
(1.00 equiv) were dissolved in THF under an argon atmosphere.
The mixture was stirred overnight at room temperature and the
solvent was removed under vacuum. The residue was puried
by using column chromatography on neutral Al2O3.

Compound M1: compound 1 (0.20 g, 0.4 mmol). Puried by
column chromatography on neutral Al2O3 using CH2Cl2/petro-
leum ether (1/4) as eluent to afford a brown solid (0.21 g, 67%).
1H NMR (300MHz, CDCl3) d (ppm): 8.35 (s, 1H, ArH), 8.08 (d, J¼
7.5 Hz, 1H, ArH), 7.96 (d, J¼ 8.1 Hz, 2H, ArH), 7.72 (m, 3H, ArH),
7.41 (m, 7H, ArH), 6.87 (d, J¼ 8.4 Hz, 2H, ArH), 4.33 (br, 2H, –O–
CH2–), 3.98 (br, 2H, –N–CH2–), 3.88 (s, 3H, –O–CH3), 1.95 (br,
2H, –N–CH2CH2–), 1.79 (br, 2H, -O–CH2CH2–), 1.55 (m, 4H). 13C
NMR (75 MHz, CDCl3) d (ppm): 199.8, 167.2, 163.1, 140.4, 131.8,
129.5, 129.2, 128.0, 126.5, 122.7, 121.3, 120.9, 119.6, 114.3,
109.2, 92.5, 68.1, 52.1, 43.4, 29.2, 27.3, 26.2. MS (MALDI-TOF),
m/z: [M � CO]+ 760.9, [M � 2CO]+ 732.8. Anal. calcd for
C40H31Co2NO9: C 61.00, H 3.97, N 1.78; found: C 60.88, H 4.01,
N 1.87. FTIR (thin lm), n (cm�1): 2019, 2051, 2086 (Co2(CO)6).

Compound M2: compound 2 (0.24 g, 0.4 mmol). Puried by
column chromatography on neutral Al2O3 using CH2Cl2/PE (1/5)
as eluent to afford a brown solid (0.37 g, 79%). 1H NMR (300
MHz, CDCl3) d (ppm): 8.34 (s, 2H, ArH), 7.97 (d, J ¼ 8.7 Hz, 2H,
ArH), 7.76 (d, J ¼ 9.0 Hz, 2H, ArH), 7.69 (d, J ¼ 5.7 Hz, 4H, ArH),
7.40 (m, 8H, ArH), 6.88 (d, J ¼ 9.0 Hz, 2H, ArH), 4.34 (t, J ¼ 7.5
Hz, 2H, –O–CH2–), 3.99 (t, J¼ 6.3 Hz, 2H, –N–CH2–), 3.88 (s, 3H,
–O–CH3), 1.97 (br, 2H, –N–CH2CH2–), 1.81 (br, 2H, –O–CH2-
CH2–), 1.58 (m, 4H). 13C NMR (75 MHz, CDCl3) d (ppm): 199.8,
167.2, 163.0, 140.9, 139.0, 131.9, 129.5, 129.2, 128.3, 128.0,
This journal is © The Royal Society of Chemistry 2014
123.2, 122.7, 121.3, 114.3, 109.7, 93.6, 92.4, 68.1, 52.1, 43.7, 29.3,
27.4, 26.2. MS (MALDI-TOF), m/z: [M � 2CO–3H]+ 1113.5. Anal.
calcd for C54H35Co4NO15: C 55.26, H 3.01, N 1.19; found: C
55.16, H 3.29, N 1.31. FTIR (thin lm), n (cm�1): 2021, 2052,
2086 (Co2(CO)6).

Compound PM1: compound 3 (0.11 g, 0.4 mmol). Puried by
column chromatography on neutral Al2O3 using CH2Cl2/petro-
leum ether (1/4) as eluent to afford a brown solid (0.09 g, 65%).
1H NMR (300 MHz, CDCl3) d (ppm): 8.35 (s, 1H, ArH), 8.08 (br,
1H, ArH), 7.96 (br, 2H, ArH), 7.72 (br, 3H, ArH), 7.40 (br, 7H,
ArH), 6.88 (br, 2H, ArH), 4.33 (br, 2H, –O–CH2–), 4.24 (br, 2H,
Si(CH2)2CH2O–), 3.98 (br, 2H, –N–CH2–), 1.85 (m, 13H), 1.53
(br, 4H), 0.95 (br, 42H,–CH3), 0.72 (br, 2H, Si–CH2(CH2)2–), 0.60
(d, J ¼ 6.3, 14H, Si–CH2CH(CH3)2).

13C NMR (75 MHz, CDCl3) d
(ppm): 199.9, 166.6, 163.0, 141.3, 140.4, 139.2, 131.8, 129.3,
128.4, 128.0, 126.5, 123.2, 122.8, 121.0, 119.7, 114.3, 109.2, 94.4,
68.2, 66.9, 43.5, 29.3, 27.4, 25.9, 24.1, 22.8, 8.8. MS (MALDI-
TOF), m/z: [M � 5CO]+ 1487.0, [M � 6CO]+ 1462.4, [M � 6CO–
Co]+ 1403.5, [M � 6CO–2Co]+ 1344.6. FTIR (thin lm), n (cm�1):
2024, 2051, 2086 (Co2(CO)6); 1116 (Si–O–Si).

Compound PM2: Compound 4 (0.09 g, 0.06 mmol). Puried
by column chromatography on neutral Al2O3 using CH2Cl2/
petroleum ether (1/5) as eluent to afford a brown solid (0.08 g,
62%). 1H NMR (300 MHz, CDCl3) d (ppm): 8.33 (s, 2H, ArH), 7.97
(d, J¼ 9.0 Hz, 2H, ArH), 7.76 (d, J¼ 8.7 Hz, 2H, ArH), 7.69 (d, J¼
6.3 Hz, 4H, ArH), 7.40 (m, 8H, ArH), 6.887 (d, J ¼ 9.0 Hz, 2H,
ArH), 4.34 (br, 2H, –O–CH2–), 4.24 (t, J ¼ 6.4 Hz, 2H, Si(CH2)2-
CH2O-), 4.00 (t, J ¼ 6.0 Hz, 2H, –N–CH2–), 1.97 (br, 2H), 1.87 (m,
11H), 1.54 (br, 4H), 0.95 (d, J ¼ 6.6, 42H, –CH3), 0.72 (t, J ¼ 8.2
Hz, 2H, Si–CH2(CH2)2-), 0.60 (d, J ¼ 6.9, 14H, Si–CH2CH(CH3)2).
13C NMR (75 MHz, CDCl3) d (ppm): 199.7, 163.0, 140.9, 131.8,
129.4, 129.2, 128.0, 121.4, 114.2, 109.7, 92.5, 68.1, 66.8, 53.2,
30.0, 29.3, 25.9, 24.1, 22.8, 8.7. MS (MALDI-TOF), m/z: [M �
3CO]+ 1930.3, [M � 3CO–Co]+ 1871.4, [M � 11CO–2Co]+ 1594.5,
[M� 12CO–2Co]+ 1563.5, [M� 12CO–3Co]+ 1504.6, [M� 12CO–
4Co]+ 1445.7. FTIR (thin lm), n (cm�1): 2023, 2051, 2087
(Co2(CO)6); 1112 (Si–O–Si).
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