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Reported in this paper is the preparation ofε-Co nanocrystals coated by a monolayer of poly(acrylic
acid)-block-polystyrene or PAA-PS. This method is adopted from one using oleic acid as the surfactant.
The replacement of oleic acid by PAA-PS as the surfactant during Co nanoparticle preparation yields
Co/PAA-PS particles that can be solvent-cast to yield bulk films. For the multidentate nature of the
PAA binding block, the PAA-PS coating is resistant toward solvent rinsing. The thickness of the coating
can be increased by increasing the length of the PS block.

I. Introduction

Co superparamagentic nanoparticles are prepared generally
by cobalt salt reduction or Co(CO)8 thermal decomposition
in the presence of a low-molar-mass surfactant or surfac-
tants.1-3 The resultant Co particles are coated by a low-molar-
mass surfactant with potential applications in immunoassay,4

electric devices,5 electromagnetic shielding,1b,6 and informa-
tion storage.7 For applications such as high-density informa-
tion storage, Co nanoparticles coated by polymers are more
desirable because such devices will most likely be embodied
in the form of a film containing ordered Co nanoparticles.
This paper reports the adoption of a simple one-pot synthesis
method originally developed by Sun, Murray, and co-
workers2 using low-molar-mass surfactants for the production
of polymer-coated Co nanocrystals. This involves the high-
temperature reduction of cobalt acetate in the presence of
poly(acrylic acid)-block-polystyrene (PAA-PS):

The preparation of polymer-coated Co nanoparticles is not
without precedents. Co nanoparticles have, for example, been

prepared in the poly(4-vinyl pyridine) cores of the spherical
micelles of polystyrene-block-poly(4-vinyl pyridine) or PS-
PVP.8 This involved typically three steps consisting of
micelle preparation, Co2+ loading into the micellar cores,
and then Co2+ reduction. For cases when Co2+ was reduced
at room temperature, several Co particles were often
produced within each micelle core. Co nanoparticles have
also been produced in the ionic domains of a Nafion
membrane.9 The size distribution of such particles was wide.

Besides Co nanoparticles, the block copolymer template
approach has been used to make nanoparticles of other metals
including Au, Pd, and Pt as well as metal oxides and
semiconductors.10-16 Such templates can be the cores of
block copolymer micelles formed in a block-selective
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solvent10-13 or domains formed in a block copolymer
solid.14-16 In addition to the use of block copolymers,
homopolymers such as poly(vinyl alcohol)17,18 or random
copolymers containing thiol groups19 have also been used
as the stabilizer for metal or metal oxide nanoparticles. In
the latter cases, the homopolymer chains are grafted onto
the particles by loop formation. Since the loop length varies
only slightly with the contour length of the polymer chain,
it may thus be difficult to adjust over a large range the
thickness of the homopolymer shell layer. Other methods to
graft polymer chains onto the surface of nanoparticles include
the replacement of low-molar-mass stabilizers on preformed
metal nanoparticles by multidentate polymer chains20 or the
growing of polymer chains from particle surfaces by atom
transfer radical polymerization (ATRP).21

II. Experimental Section

Materials. Trioctyl phosphine (TOP, 90%), phenyl ether (99%),
octyl ether (99%), 1,2-dodacanediol (90%), cobalt acetate tetrahy-
drate [Co(OOCCH3)2‚4H2O, 98%] were all used as received from
Aldrich. Four PAA-PS samples were used in this project. They
were obtained from hydrolysis of PtBA-PS, where PtBA denotes
poly(tert-butyl acrylate). The diblocks PtBA-PS were prepared by
atom transfer radical polymerization (ATRP) as described in the
Supporting Information. The PtBA block consisted of 21tBA units
as determined by end group analysis using1H NMR. The poly-
dispersity index defined as the weight- to number-average molar
mass ratioMw/Mn was measured for this sample by size exclusion
chromatography (SEC) based on PS standards to be 1.14. Charac-
teristics of the PtBA-PS samples are summarized in Table 1.

Co Nanocrystal Preparation.All reactions were performed in
a 50-mL three-neck round-bottom flask under nitrogen protection.
In an example run, we started by mixing 5 mL of phenyl ether
with 53 mg of Co(OOCCH3)2‚4H2O (0.213 mmol, 0.025 M in the
final solution at a volume of 8.5 mL) and 118 mg of PAA-PS96

(0.213 mmol of carboxyl group). The mixture was then heated to

200 °C before 98µL of TOP (0.213 mmol) was injected. The
temperature was held at 200°C for 1 h with N2 bubbling to ensure
moisture removal. In the meantime, 616 mg of dodecanediol
dissolved in 3.6 mL of phenyl ether and 1.4 mL of octyl ether was
heated also at 200°C for 1 h with N2 bubbling to remove moisture
before cooling to 80°C. By this stage, temperature in the main
reaction flask was increased to 240°C and N2 bubbling was stopped
but a positive pressure maintained. An aliquot of the reductant
solution, 3.5 mL containing 2.13 mmol of dodacanediol, was taken
and injected into the main flask. The system color changed from
deep blue to dark within 10 min. After a total of 2 h, the reaction
was terminated by cooling the mixture to room temperature.

Co Nanocrystal Purification. Methanol,∼25 mL, was dropped
slowly into a reacted mixture under stirring to precipitate the cobalt
nanoparticles. As TOP, dodecanediol, and Co(OOC CH3)2‚4H2O
were all soluble in methanol and free PAA-PS formed micelles
in phenyl ether/methanol, the excess reactants and surfactants were
readily separated from the nanoparticles by centrifugation at 1100g
for 5 min. The black precipitate was re-dispersed in 2 mL of toluene
and separated as a precipitate by adding 6 mL of methanol and
centrifugation again. This procedure was repeated another two times
to purify the sample. The precipitate was vacuum-dried at room
temperature to determine the yield. To test the stability of the
adsorbed diblock layer against solvent rinsing, the samples were
rinsed more times with toluene or THF.

Co Nanocrystal Fractionation.The purified cobalt nanoparticles
(about 30 mg) were dissolved in 10 mL of toluene. Under vigorous
stirring methanol was dropped in slowly. Methanol addition was
stopped at∼38 vol % when cloudiness was noticed. The solution
was left in a refrigerator at-12 °C overnight. The solution was
separated into two phases. The bottom denser layer was separated
as fraction 1. Additional methanol was added to the dilute phase
until the solution became cloudy (methanol volume fraction about
50%). Repeating the procedure described above, we obtained
fraction 2 as the bottom denser layer and fraction 3 as the top layer.

Co Nanocrystal Characterization.The particles were aspirated
on a nitrocellulose-covered copper grid before observation by
transmission electron microscopy (TEM). TEM images were
obtained using a Hitachi H-7000 instrument operated at 75 kV. To
enable visualization of the PAA-PS shell, the samples were stained
with RuO4 vapor for 1 h. Thermal gravimetric analyses (TGA) were
carried out on a TA Q-500 instrument. A typical run consisted of
raising the temperature from room temperature to 600°C at 20
°C/min and then holding the temperature at 600°C for 20 min.

One Co particle sample stabilized by PAA-PS96 with TEM core
diameterd ) (9.2( 1.4) nm was used for X-ray diffraction study.
The sample was dissolved in toluene and dropped on a microscope
slide cover slip to evaporate solvent. This procedure was repeated
several times to prepare a film that was∼15 µm thick. The X-ray
diffraction experiment was performed on Rigaku Ru 200b instru-
ment using the Cu KR (λ ) 1.5418 Å) radiation.

Small angle neutron scattering measurements were performed
at the Argonne National Laboratory using a time-of-flight instru-
ment. The range of scattering wave vectorq used was between
0.007 and 1.45 Å-1. Hereq ) (4π/λ)sin(θ/2) with θ denoting the
scattering angle andλ the neutron wavelength. The sample to
detector distance used was 1.44 m. The detector had a hemispherical
shape consisting of 50× 50 1-cm2 area detectors. The samples
were prepared in deuterated THF (THF-d8) at the Co/PAA-PS96

concentrations of 2.1, 4.9, or 11.9 wt %, respectively. The path
length of the cylindrical cells used was either 1.00 or 2.00 mm and
the data acquisition time ranged from 4 to 6 h. The raw intensities
were corrected for background scattering by subtracting scattering
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Table 1. Characteristics of PtBA-PS

sample SECMw/Mn SECMw NMR n/ma m

PtBA-PS6 1.23 4300 3.5 6
PtBA-PS25 1.13 5900 0.84 25
PtBA-PS96 1.16 12600 0.23 96
PtBA-PS240 1.14 27900 0.088 240

a The symbolsn andm denote the number of repeat units for PtBA and
PS, respectively.
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from solvent and sample cell.22 The isotropic scattering intensities
were then azimuthally averaged and converted to macroscopic
scattering cross sections per unit volume dΣ/dΩ using a correction
factor obtained from running the incoherent scatterer water.23

Co Nanocrystal Film Preparation. A film was prepared from
Co/PAA-PS240 by casting a toluene solution of this sample on a
microscope slide cover slip directly. To prepare a film from a Co/
PAA-PS96 sample possessing a TEM core diameter of (9.6( 2.1)
nm, 20 mg of this sample was dissolved in 2 mL of toluene together
with 20 mg of a PS sample (Polysciences,Mw ) 20000 g/mol,
Mw/Mn ) 1.03). An aliquot of the solution was then dropped over
an area of∼1 cm2 on a microscope slide cover slip. After solvent
evaporation, another aliquot was dropped on the top of the film.
This procedure was repeated until the solution was completely cast.

III. Results and Discussion

Co/PAA-PS Nanoparticle Preparation. Co nanopar-
ticles were prepared by reducing cobalt acetate with dode-
canediol in phenyl ether at 240°C using PAA-PS and TOP
as the surfactant and cosurfactant, respectively. The major
modification to a literature method involved the replacement
of the surfactant oleic acid, used by Sun et al.,2 by PAA-
PS. For the multidentate nature of this new surfactant and
thus its stronger binding toward Co, Co2+ reduction was
slower. Thus, we increased the reaction time from 20 min
reported in the literature2 to typically 2 h. To increase reaction
rate further, we increased also the reducing agent dode-
canediol amount from 1 to 10 molar equiv relative to Co2+.
Table 2 summarizes the recipes used for 13 preparations,
where [Co2+], [COOH], and [TOP] denote the molar
concentration of Co2+, the carboxyl groups, and TOP in the
preparation mixture. Also reported are some properties of
the crude particles before fractionation that include the TEM
Co particle diameterd and its deviationσ, the polymer
content in the particles determined from TGA, reaction yields
defined as the ratio between the weight of the final product
to that of the initial polymer plus Co2+, and the Co(II)
conversion defined as

wherewCo andwCo
2+ are the masses of the produced Co and

the initial Co2+, respectively. There is no entry in the table

for PAA-PS6 as the PS block was too short for this diblock
to function as an effective surfactant and its use led to the
production of aggregated Co particles.

Nanoparticle Size Control. Figure 1 shows the TEM
images for samples 9, 3, and 6 with the preparation
conditions given in Table 2. Since the samples were not
stained, only the Co cores are visible in these images. From
TEM images like these we measured manually the diameter
of more than 150 Co nanoparticles for each sample and
obtainedd ( σ with results shown in Table 2. For particles
that were asymmetric, the diameter was taken as the average
of lengths measured along the long and short axes of the
particles.

Samples 9, 10, 3, 11, and 12 were prepared under
otherwise identical conditions but with reaction times of 0.5,
1, 2, 3, and 4 h, respectively. Thed ( σ values for these
samples are 4.3( 1.0, 8.2( 1.4, 9.6( 1.6, 9.4( 1.7, and
9.4( 1.9 nm, respectively. The data suggest that the size of
the particles increased initially with reaction time and
remained unchanged after∼2 h. For this we terminated most
preparations at 2 h. Considering that samples 11 and 12 are
from different batches, the agreement between thed ( σ
values for these samples suggest high reproducibility of the
preparations.

Other than variations in TOP concentration or [TOP], the
preparation conditions for samples 3, 5, 6, and 7 were
identical. Thed values increased initially with decreasing
[TOP]. Then, surprisingly, Co2+ failed to reduce if no TOP
was added at all. In another experiment we demonstrated
that the reaction did not occur even with TOP addition but
with it being added only after dodecanediol had been added
at 240°C. Thus, both the presence and the adding sequence
of TOP were important to effect Co nanoparticle formation.
This size dependence on [TOP] is the opposite of the trend
observed by Murray et al.2b When oleic acid was used as
the surfactant, Co particle size increased with [TOP].

The particle size can also be changed by varying [Co2+]/
[COOH] or PS block length. Decreasing [COOH] by half

(22) Thiyagarajan, P.; Epperson, J. E.; Crawford, R. K.; Carpenter, J. M.;
Klippert, T. E.; Wozniak, D. G.J. Appl. Crystallogr.1997, 30, 280.

(23) Higgins, J. S.; Maconnachie, A. InMethods of Experimental Physics
- Neutron Scattering: Vol. 23, Part C; Skold, K., Price, D. L., Eds.;
Academic Press: Orlando, 1987.

Table 2. Parameters Affecting the Size of the Co Nanoparticles

sample [Co2+]/ M [COOH]/ M [COOH] /[TOP]
rxn
t/h yield yCo

TEM Co
(d ( σ) (nm)

TGA polymer
content

PAA-PS25

1 0.025 0.025 1/1 2 46.9% 10.4( 2.6

PAA-PS96

2 0.0125 0.0125 1/1 2 31.7% 9.2( 1.4
3 0.025 0.025 1/1 2 33.4% 9.6( 1.6
4 0.050 0.050 1/1 2 32.6% 98% 9.6( 2.1 63.0%
5 0.025 0.025 2/1 2 32.5% 10.6( 1.8
6 0.025 0.025 4/1 2 34.7% 13.2( 2.1
7 0.025 0.025 4/0 2 no rxn
8 0.025 0.0125 1/1 2 53.5% 11.4( 3.6
9 0.025 0.025 1/1 0.5 21.7% 33% 4.3( 1.0 80.8%
10 0.025 0.025 1/1 1 26.1% 72% 8.2( 1.4 65.6%
11 0.025 0.025 1/1 3 31.5% 9.4( 1.7
12 0.025 0.025 1/1 4 31.8% 9.4( 1.9

PAA-PS240

13 0.025 0.025 1/1 2 20.4% 7.3( 1.3

yCo )
wCo

wCo
2+ (1)

One-Pot Synthesis of Cobalt Nanocrystals Chem. Mater., Vol. 17, No. 20, 20054987



from sample 3 to sample 8, the size of the Co particles
increased from 9.6( 1.6 nm to 11.4( 3.6 nm. This was
unfortunately accompanied by a broadening in particle size
distribution. Increasing the PS block length from 25 units to
96 and 240 units decreased the particle size from 10.4(
2.6 to 9.6( 1.6 and 7.3( 1.3 nm for samples 1, 3, and 13,
respectively. Interestingly, the particle size changed insig-
nificantly with the absolute [Co2+] or [COOH] values for
samples 2-4 at [Co2+]/[COOH] ) 1.

Reaction Yield.The reaction yields of column 6 in Table
2 appear low because only a fraction of the added polymer
was grafted onto the final Co particle surfaces. To evaluate
Co conversion, we determinedwCo

2+ of eq 1 readily from
the reactant stoichiometry. The determination ofwCo required
a method to analyze the Co content in Co/PAA-PS. We
used TGA for this purpose. To calculate the Co weight
fraction from the TGA data, we assumed that the grafted
PAA-PS chains decomposed analogously as the free PAA-
PS chains and Co survived the thermal decomposition
process intact. This allowed us to calculate the Co content
using an equation that we derived before13d for samples 9,
10, and 4. TheyCo values thus determined were 43%, 92%,
and 124%, respectively. TheyCo value increased with reaction
time as expected.

The fact thatyCo was higher than 100% for sample 4
suggests our assumption about the inertness of Co nanopar-
ticles was incorrect. If we remove this assumption and
assume that all Co atoms reacted with PAA to form CoO
during TGA analysis, theyCo values for samples 9, 10, and
4 change to 33%, 72%, and 98%, respectively. The fact that
yCo ) 98% for sample 4 suggests that Co might have indeed
been fully oxidized by reaction with PAA, a conclusion that
remains to be confirmed by a future X-ray diffraction
analysis.

Co-Crystal Structure. Co is traditionally known to have
two crystal phases: close-packed hexagonal (hcp) and face-
centered cubic (fcc). The reduction of Co(OOCCH3)2 with
dodecanediol employing oleic acid as the surfactant yielded
hcp Co nanocrystals.2b The thermal decomposition of Co2-
(CO)8 in phenyl ether/ octyl ether using oleic acid and TOP
as the surfactants yielded fcc Co nanocrystals.2c More
recently, Dinega and Bawendi3b discovered theε-Co crystal
phase for Co nanoparticles. This phase has since also been
seen by Puntes et al.3a and Sun et al.2a

Illustrated in Figure 2 are the X-ray diffraction data of
sample 2. The peak positions and peak intensity distribution
bear exact resemblance to that reported forε-Co nanopar-
ticles.3a,b We have thus producedε-Co nanoparticles.

The half-maximum widthsδ2θ for the (221) and (310)
peaks in Figure 2 are 1.10 and 1.12°, respectively. Assuming
that the small size of the cobalt particles was the dominant
cause for peak broadening, we used theseδ2θ values in the
Scherrer equation

Figure 1. TEM images of samples 9 (top left), 3 (top right), and 6 (bottom left). The bottom right image is for fraction 2 of sample 6 where the smaller
particles were seen mostly removed.

Figure 2. X-ray diffraction data of the Co/PAA-PS96 nanoparticles.

dX ) Kλ
δ2θ cosθ

(2)
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to calculate the average diameterdX of the particles, where
λ ) 0.15418 nm.24 To assign theK value, we assumed that
the particles were approximately spherical and thusK )
1.107. This yielded adX value of 9.3 nm from both peaks.
This is in good agreement with the TEM diameter of (9.2(
1.4) nm, suggesting that the particles produced were single
crystals.

Fractionation. Our examination of different batches of
Co/PAA-PS96 nanocrystals including those not listed in
Table 2 led to the conclusion that they became visually
nondispersible at diameters greater than∼15 nm. Below this
size, particles even after being dried under vacuum could
be re-dispersed in solvents good for PS. The dispersed
particles could be fractionated by fractionation precipitation
following procedures described in the Experimental Sec-
tion.2,3 Table 3 shows the characteristics of samples 8 and 6
before and after fractionation. The effectiveness of the
fractionation procedure is evident as judged from the changes
in the TEM d andσ value for different fractions.

Compared in Figure 1 are the TEM images of sample 6
and fraction 2 of this sample. The smaller particles were
obviously removed from the fractionated sample. The relative
spread ind or σ/d was∼7.5% for this sample and could in
principle be further reduced by repeating the fractionation
procedure.

Core-Shell Structure. We were able to discern by TEM
the PAA-PS layer on the Co nanoparticles when the samples
were stained by RuO4. Figure 3 shows a TEM image with
core-shell structure clearly visible for fraction 2 of sample
8 (Table 3). Magnifying pictures like this, we measured
manually the thickness of the PAA-PS layer around many
particles. This yielded the average shell thickness of 5.7 nm
for this sample. Similarly, we determined a thickness of 14
nm for sample 13. Thus, the shell thickness increased with
PS chain length as anticipated.

Further support for the core-shell structure was rendered
by comparing for one sample the TEM Co particle size and
its radius of gyrationRG value. We determined theRG value
from neutron scattering because the hybrid particles were
dark and absorbed laser light and neutron scattering is a
technique that is much less sensitive to optical opacity. The
top panel in Figure 4 shows the neutron scattering data for
a Co/PAA-PS96 sample with (d ( σ) ) (11.4( 2.7) nm at
the concentrations of 2.1, 4.9, and 11.4 wt %. Aside from
the data at 11.4%, the other two sets of data bear much
resemblance in shape. It has been long known that25

(24) Klug, H. P.; Alexander, L. E.X-ray Diffraction Procedures for
Polycrystalline and Amorphous Materials; John Wiley & Sons: New
York, 1954.

(25) Garamus, V. M.; Maksimova, T.; Richtering, W.; Aymonier, C.;
Thomann, R.; Antonietti, L.; Mecking, S.Macromolecules2004, 37,
7893.

Figure 3. TEM image of F2 of sample 8 with core and shell clearly
distinguishable.

Table 3. Effect of Co Nanoparticle Fractionation

sample TEM (d ( σ)/nm weight fraction

sample 8 11.4( 3.6 100%
F1 12.8( 2.5 43%
F2 11.2( 1.9 35%
F3 10.3( 2.3 19%

sample 6 13.2( 2.1 100%
F1 13.6( 1.9 ∼10%
F2 13.4( 1.0 ∼50%
F3 12.9( 1.8 ∼40%

Figure 4. Top panel: neutron scattering data of a Co/PAA-PS96 sample
at the concentrations of 11.4% (top curve), 4.9% (middle), and 2.1%
(bottom). Bottom panel: Guinier plots of the neutron scattering data in the
region withq < 0.0153 Å. From top to bottom, the particle concentration
decreased.

Table 4. Effect of Solvent Rinsing on the Stability of the Grafted
PAA-PS96

sample treatment grafted polymer content

4 rinsed 3 times with toluene 63.0%
4 rinsed 5 times with toluene 63.5%
8 rinsed 3 times with toluene 59.9%
8 rinsed 3 times with toluene

and 3 times with THF
45.2%

8 rinsed 3 times with toluene
and 5 times with THF

42.8%

dΣ
dΩ

) NP(q)S(q) (3)
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whereN is the number density of particles,P(q) is the form
factor of particles describing the size and shape of one
individual particle, andS(q) is the structure factor describing
the long-range organization of the different particles. The
dΣ/dΩ data of the most concentrated sample had new
features because some form of particle organization has set
in. For the more dilute samples,S(q) ≈ 1.

Sophisticated models exist for the treatment of the dΣ/
dΩ data of core-shell particles to yield parameters such as
the core size and shell thickness etc.26 As far as this synthesis
paper is concerned, we treated the scattering data only by a
model-free method or the Guinier method in the lowq region
whereqRG < ∼1. In Guinier’s approximation

where dΣ(0)/dΩ is the extrapolated macroscopic scattering
cross section per unit volume atθ ) 0. The bottom panel in
Figure 4 plots the data following eq 4 in the region withq
< 0.0153 Å. From the slope we obtainedRG of 13.7, 13.7,
and 13.9 nm at the particle concentrations of 2.1%, 4.9%,
and 11.4%, respectively. The agreement between theRG

values obtained at lower concentrations again suggests the
negligibleS(q) contribution to dΣ/dΩ in these cases.

The neutron scattering diameter of gyrationdG of 27.4 nm
is larger thandTEM of (11.4( 2.7) nm. This is reasonable as
TEM gives the diameter of the Co core only anddG offers
a measure of the overall size of the particles including the
grafted PAA-PS chains. Assuming the full stretching of the
grafted PS chains, we estimated an overall diameterd of
∼60 nm for the particles. For a homogeneous spheredG )
x3/5d. Our dG value should be less thanx3/5d or ∼46 nm

and is equal to 27.4 nm as the PS chains are not fully
stretched and the Co core is more dense than the PS corona.

Stability of the Adsorbed PAA-PS Layer. The Co
nanoparticle samples were purified using procedures de-
scribed in the Experimental Section, which involved pre-
cipitation initially from the reaction medium or later from
toluene three times by methanol addition. We repeated the
precipitation purification procedure another two times for
sample 4. Table 4 gives the TGA analysis results for sample
4 rinsed by toluene for different times. After the sample was
rinsed five times with toluene, TGA detected a grafted
polymer content of 63.5%, which was, within experimental
error, the same as 63.0% determined for the sample after
toluene rinsing three times. This shows the superb stability
of the adsorbed layer against toluene rinsing.

We also checked the effect of THF rinsing on the stability
of the adsorbed layer. Unlike toluene that solubilizes only
the PS block, THF solubilizes both the PS block and the
short PAA block and should remove most of the PAA-PS
chains if not for the strong binding between PAA and Co.
After sample 8 was rinsed with toluene three times, it had a
grafted polymer content of 59.9%. This number reduced to
45.2% after rinsing three more times with THF. The number
further reduced to 42.5% after THF rinsing two more times.
Thus, the THF removal rate decreased with increasing
number of THF rinsings probably due to the fact that the
equilibrium adsorbed PAA-PS amount in THF was reached
after rinsing in THF three times or less. Despite the sample
being rinsed five times in THF, the particles dispersed
superbly well in THF.

For comparative purposes, we prepared also Co nanoc-
rystals with a diameter of 8.4( 1.1 nm coated by oleic acid.
After the precipitation of the particles from the initial reaction
mixture into methanol, the particles were easily re-dispersed
in THF. We precipitated the particles again by adding
methanol. Unfortunately, a large fraction of particles became
nondispersible in THF. Repeating the methanol addition and
precipitation procedure another time, the particles became
totally nondispersible in THF. These results demonstrate that

(26) (a) Vangeyte, P.; Leyh, B.; Heinrich, M.; Grandjean, J.; Bourgaux,
C.; Jerome, R.Langmuir 2004, 20, 8442. (b) Pedersen, J. S.;
Svaneborg, C.; Almdal, K.; Hamley, I. W.; Young, R. N.Macromol-
ecules2003, 36, 416. (c) Won, Y.-Y.; Davis, H. T.; Bates, F. S.;
Agamalian, M.; Wignall, G. D.J. Phys. Chem. B2000, 104, 7134.
(d) Stancik, C. M.; Lavoie, A. R.; Achurra, P. A.; Waymouth, R. M.;
Gast, A. P.Langmuir2004, 20, 8975.

Figure 5. Photographs demonstrating (a) film formation from a Co/PAA-PS96 nanoparticle sample and (b) the capturing of small pieces of a Co/PAA-
PS96 nanoparticle film.

ln(dΣ
dΩ) ) -(1/3)RG

2q2 + ln(dΣ(0)
dΩ ) (4)

4990 Chem. Mater., Vol. 17, No. 20, 2005 Liu et al.



the polymer-coated particles are much more stable toward
solvent rinsing than the oleic-acid-coated particles.

Film Formation and Magnetic Property. An anticipated
advantage of polymer-coated Co nanocrystals is their readi-
ness for film formation. For sample 13 coated by PAA-
PS240, we were able to cast intact films directly from a toluene
dispersion of the particles. Unfortunately, films formed from
particles coated by PAA-PS96 were cracked for the low
polymer volume fraction in these samples. This was,
however, readily remedied by mixing the samples with some
PS homopolymer. Figure 5a shows a photograph of a Co
nanoparticle film prepared from casting a mixture of sample
4 and a polystyrene homopolymer at the mass ratio of 1/1
from toluene on a microscope cover slip. The freshly
prepared film bears the dark color and metallic luster of Co
as expected.

To see if the particles were magnetic, we ground up a
film cast from a Co/ PAA-PS96 sample. The particles were
ultrasonicated in water and then placed next to a 0.47-T
magnet. The attraction and concentration of the particles by
the magnet demonstrates that they were either superpara-
magnetic or ferromagnetic.

IV. Conclusions

We have prepared PAA-PS diblock copolymers with 21
AA units and different lengths for the PS block. Aside from

the sample with only 6 styrene units, the other samples with
25, 96, and 240 styrene units functioned well as surfactants
in the one-pot synthesis of Co nanoparticles. The Co
nanoparticles were prepared via high-temperature reduction
of Co(II) by dodecanediol using TOP as the cosurfactant.
The size of the particles could be tuned by changing various
parameters including the reaction time and TOP concentra-
tion etc. The lattice structure of the nanocrystals was
determined by X-ray diffraction to beε-Co. The size
distribution of the crude Co nanoparticles could be narrowed
down by fractionation precipitation. Due to the multidentate
nature of PAA, the adsorbed PAA-PS chains were very
resistant to solvent rinsing. As expected, the polymer-coated
Co nanocrystals were readily cast into mechanically robust
films bearing metallic luster provided that the PS coating
block was sufficiently long at 240 repeat units.
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