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a b s t r a c t

Reported in this paper are the preparation and properties of 3-Co nanocrystals coated by poly(ethylene
glycol)-block-poly(acrylic acid) (PEG-b-PAA). These particles were prepared via the thermal decompo-
sition of Co2(CO)8 at 185 �C in 1,2-dichlorobenzene, in the presence of the surfactant PEG-b-PAA and the
co-surfactant trioctylphosphine oxide. At a given initial Co2(CO)8 concentration, the size of the particles
increased with increasing Co2(CO)8-to-PEG-b-PAA molar ratio, and could be tuned between w5 and
w20 nm. The size distribution of the particles narrowed as the Co2(CO)8 concentrations increased. The
resultant particles were dispersible in a wide range of solvents, including chloroform, N,N-dime-
thylforamide, and water, which solubilized PEG. Magnetic measurements revealed that the particles
possessed saturation magnetization close to that of bulk Co, suggesting high purity of the particles.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Co nanocrystals may be used in immunoassays [1], in electro-
magnetic shielding [2], in electric devices [3], and for information
storage [4,5]. Because of these potential applications, there have been
many reports on their preparation and study [6,7]. Traditionally, Co
nanoparticles are prepared from the high-temperature decomposi-
tion of a Co(0) precursor [8,9] or the high-temperature reduction
[10,11] of a Co(II) precursor in the presence of a surfactant (e.g. oleic
acid) and a co-surfactant (e.g. trioctyl phosphine oxide, or TOPO). The
surfactants were used to regulate the growth and to render colloidal
stability to the resultant Co nanoparticles. Aside from using small-
molecule surfactants, random copolymers[12,13] and end-function-
alized copolymers [14,15] have also been used as surfactants. There
have been very few reports of the use of block copolymers as the
surfactant [16,17]. We report in this paper the preparation of Co
nanocrystals using poly(ethylene glycol)-block-poly(acrylic acid)
CH2
CH

COOH

 
Br

n
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(PEG-b-PAA) as the surfactant. We examine factors affecting the size
and size distribution of the resultant Co nanocrystals.

The Co nanocrystals described here were prepared by the
rapid decomposition of Co2(CO)8 in anhydrous 1,2-dichloroben-
zene at 185 �C using PEG-b-PAA and TOPO as the surfactant and
co-surfactant, respectively. This method is similar to those used
by Puntes et al. [6,9,18] and by Dinega et al. [19], except for the
replacement of the small-molecule surfactants used in those
procedures by our diblock surfactant, PEG-b-PAA. Co nano-
particles coated by PEG were targeted, because PEG is ion
conductive. We speculated that these particles might be useful in
polymer light-emitting electrochemical cells [20,21] or in
batteries [22,23].

Aside from the high-temperature methods mentioned above for
Co nanoparticle preparation, other methods have also been used to
prepare polymer-coated Co nanoparticles. For example, Co nano-
particles have been prepared in the poly(4-vinyl pyridine) cores of
spherical micelles of polystyrene-block-poly(4-vinyl pyridine)
(PS-b-PVP) [24e28]. This preparation typically involved three steps,
consisting of micelle preparation, loading of Co2þ into the micellar
cores, and then Co2þ reduction. For cases when Co2þwas reduced at
room temperature, several Co particles were often produced within
each micelle core. Co nanoparticles have also been prepared in the
tubular cores of ABC triblock copolymer nanotubes [29] and in the
ionic domains of a Nafion� membrane [30]. The size distribution of
these particles was wide. Besides Co nanoparticles, the block
copolymer template approach has been used to prepare nano-
particles of other metals including Au, Pd, and Pt, as well as metal
oxides and semiconductors [31e44]. Such templates can be the
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cores of block copolymer micelles formed in a block-selective
solvent, or domains formed in a solid block copolymer.

2. Experimental section

2.1. Materials

The monomer tert-butyl acrylate (tBA, Aldrich, 99%) was stirred
over CaH2 for 12 h before purification by vacuum distillation.
Copper (I) bromide (CuBr, 99.999%), N,N,N,N,N-pentamethyl-
diethylenetriamine (PMDETA, 99%), 2-bromoisobutyryl bromide
(98%), trifluoroacetic acid (TFA, 98%), triethylamine (TEA, 99.5%),
trioctyl phosphine oxide (TOPO, 90%), cobalt carbonyl Co2(CO)8
(90e95%), and diethyl ether (anhydrous, 99.7%) were all used as
received from Aldrich. Toluene (Aldrich, 99.8%) was distilled over
CaH2 before use. Tetrahydrofuran (THF, 99.0%) and dichloro-
methane (99.5%) were purchased from Caledon and were used as
received. Poly(ethyleneglycol monomethyl ether) (PEG-OH,
Mn¼ 5000 g/mol, Mw/Mn¼ 1.10) was purchased from Scientific
Polymer Products Inc., and vaccum-dried before use.

1,2-Dichlorobenzene (anhydrous, 99%, Aldrich), 200 mL, was
washed with 30 mL of 98% H2SO4. It was then washed with
deionized water six times, using 50 mL each time. After drying over
CaCl2 overnight, the supernatant was stirred with CaH2 at 60 �C for
24 h before it was distilled under vacuum.

2.2. Synthesis of a-methoxy-u-bromoisobutyrate poly
(ethyleneglycol)

PEG-OH (5.0 g, 1.0 mmol) was dissolved in 300 mL of toluene in
a three-neck round-bottom flask under magnetic stirring. TEA
(0.28 mL, 2.0 mmol) was then added to this solution. This was
followed by the dropwise addition at room temperature of 2-
bromoisobutyryl bromide (0.25 mL, 2.0 mmol). After 48 h of stir-
ring, the resultant suspension was filtered, and the filtrate was
concentrated to 75 mL. Adding the filtrate into 600 mL of diethyl
ether yielded a-methoxy-u-bromoisobutyrate poly(ethyl-
eneglycol) (PEG-Br) as a precipitate, which was then dried under
vacuum.

2.3. PEG-b-PtBA

PEG-b-PtBA was synthesized by atom transfer radical poly-
merization (ATRP). A typical polymerization involved first
charging a two-neck round-bottom flask with PEG-Br (1.0 g,
0.20 mmol), tBA (0.27 mL, 1.9 mmol), PMDETA (0.083 mL,
0.39 mmol), and 10 mL of distilled toluene. After degassing, CuBr
(0.028 g, 0.20 mmol) was added under nitrogen flow. The flask
was subjected to three freeze-thaw evacuation-and-nitrogen-
filling cycles before it was immersed in an oil bath that was
preheated to 80 �C. After tBA polymerization at 80 �C overnight,
the resultant mixture was diluted with THF and passed through
a neutral alumina column in order to remove the catalysts. After
concentrating to 5 mL by rotary evaporation, the concentrate was
added into 400 mL of diethyl ether in order to precipitate the
polymer. The polymer was then dried under vacuum to yield
0.98 g of product.

2.4. PEO-b-PAA

A typical preparation involved stirring 0.98 g of PEG-b-PtBA
with 3 mL of trifluoroacetic acid and 20 mL of methylene chloride
for 3 h. The resultant mixture was added into 400 mL of diethyl
ether in order to precipitate the product, PEO-b-PAA. The precipi-
tate was then re-dissolved into 10 mL of dichloromethane and
added into diethyl ether again. This procedure was repeated before
the final precipitate was dried under vacuum at room temperature
to yield 0.83 g of product.

2.5. Polymer characterization

1H-NMR analyses were performed using a Bruker DRX-300
spectrometer, and spectra of PEG-b-PtBA and PEG-b-PAA were
recorded in CDCl3 and in D2O, respectively. Size exclusion chro-
matographic (SEC) analysis was carried out at 36 �C with a Waters
515 system, using a Waters 2410 differential refractometer as the
detector. The eluant used was DMF containing 2.5 g/L of tetrabu-
tylammonium bromide to eliminate polymer adsorption and peak
tailing [45]. The columns used (Waters Styragel HR5E, Waters
Styragel HR4E and mStyragel 500 Å) were calibrated using mono-
disperse polystyrene (PS) standards.

2.6. Co nanoparticle preparation and purification

All reactions were performed in a 50-mL three-neck round-
bottom flask under nitrogen atmosphere. An example preparation
involved first mixing in the flask 0.010 g of PEG-b-PAA containing
0.013 mmol of carboxyl groups and 0.0128 g (0.032 mmol) of TOPO
in 9.55 mL of anhydrous 1,2-dichlorobenzene. The mixture was
then heated to 185 �C and bubbled with N2 for 5 min to remove
moisture before 0.0445 g (0.130 mmol) of Co2(CO)8 in 0.45 mL of
anhydrous 1,2-dichlorobenzene was injected rapidly. After 5 min of
reaction the heating was stopped, by removing the reaction flask
from the heating mantle.

In this example preparation, the concentrations of the carboxyl
group ([COOH]0), of TOPO ([TOPO]0), and of Co(0) ([Co]0) were
1.30, 3.2, and 26 mM, respectively, based on the final 1,2-dichlo-
robenzene solvent volume of 10.0 mL. Unless mentioned other-
wise, the Co2(CO)8 decomposition time used in other runs was
always 5 min.

Co nanoparticles were purified immediately after their prepa-
ration. This involved adding 25 mL of diethyl ether slowly into the
reaction mixture under stirring, and then centrifugation at 1100 g
for 5 min to settle the Co nanoparticles. Since TOPO and Co2(CO)8
were soluble and the excess PEG-b-PAA surfactant existed as
micelles in the 1,2-dichlorobenzene/diethyl ether mixture, they
remained in the supernatant and were removed by decantation.
The black precipitate was re-dispersed into 5 mL of methylene
chloride and separated as a precipitate by adding 10 mL of diethyl
ether. After this procedure was repeated, the precipitate was
vacuum-dried at room temperature to give 18.5 mg of sample.
Th yield calculated from the ratio between the mass of the product
and the total mass of the fed Co(0) and PEG-b-PAA was 73%.

2.7. Co nanocrystal characterization

The particles were sprayed on a carbon-coated copper grid
before observation by transmission electron microscopy (TEM).
TEM images were obtained using a Hitachi H-7000 instrument
operated at 75 kV. Thermal gravimetric analyses (TGA)were carried
out on a TA Q-500 instrument. A typical experiment involved
raising the temperature from room temperature to 650 �C at 20 �C/
min, and then holding the temperature at 650 �C for 20 min.

One Co particle sample with a TEM core diameter at
11.2� 3.3 nm was used for X-ray diffraction study. The sample was
prepared by pressing 0.3345 g of the nanoparticles in a die under
a hydraulic pressure of 1500 pounds per square inch to yield a disk.
The X-ray diffraction experiment was performed on a Rigaku Ru
200b instrument using Cu Ka radiation at l¼ 0.15418 nm.



Table 2
Recipes and TEM sizes for different batches of Co nanoparticles.

Batch [Co]0/M [Co]0/[COOH]0 [COOH]0/[TOPO]0 React.
t (min)

TEM ðd� sÞ
(nm)

Low-[Co]0 Regime
16 0.0065 2.0 1.0 5 7.4� 1.8
24 0.013 4.0 1.0 5 11.2� 3.3

[Co]0¼ 0.026 M
28 0.026 20 0.40 5 17.4� 3.3
29 0.026 8.0 1.0 5 15.7� 2.7
27 0.026 4.0 2.0 5 12.7� 2.3
25 0.026 2.0 4.0 5 8.4� 1.9
26 0.026 1.3 6.0 5 7.3� 2.1
39 0.026 8.0 1.0 5 15.5� 2.9
33 0.026 20 0.40 5 17.7� 2.7
34 0.026 20 0.40 30 19.4� 2.9
32 0.026 20 0.40 60 18.8� 3.1
36 0.026 20 0.40 240 18.5� 3.0
38 0.026 8.0 N 5 9.1� 4.0

High-[Co]0 Regime
54 0.080 8.0 3.0 5 10.8� 1.8
55 0.080 8.0 3.5 5 10.2� 1.8
58 0.15 15 3.4 5 17.0� 2.3
59 0.30 30 3.4 5 17.6� 2.5
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Magnetic properties of three solid samples with TEM Co diam-
eters of 10.9� 2.0, 13.3� 2.2, and 15.5� 2.9 nm were measured by
a vibrating sample magnetometer (ADE Technologies). The corre-
sponding PEG-b-PAA compositions of these samples were 59%, 47%,
and 41%, respectively.

3. Results and discussion

3.1. Polymer synthesis and characterization

PEG-Br [46,47] and PEG-b-PtBA [48] were synthesized by using
modified literature methods. The bromoisobutyryl terminal group
of the resultant PEG-Br sample had a unique 1H NMR peak at
1.94 pm, due to its six methyl protons. By comparing the integrated
intensity of this peak with that of the ethylene proton peak of PEG
at 3.5 ppm, we confirmed that the conversion of PEG-OH to PEG-Br
was quantitative.

The resultant PEG-b-PtBA sample was characterized by SEC and
1H NMR, with results shown in Table 1. The diblock copolymer had
aSECpolydispersity indexof1.22, basedonPSstandards. Thenumber
of repeat unit ratio between PEG and PtBAwas determined to be 15.1
from a comparison between the integrated intensities of the PEG
peak at 3.5 ppm and a PtBA peak at 1.45 ppm. Using the manufac-
turer’s number-average molar mass ofMn¼ 5.0�103 g/mol for PEO,
and the 1H NMR value of n/m¼ 15.1, we obtained the number of
repeat units of 113 and 7.5 for PEG and PtBA, respectively.

The hydrolysis of PtBA in dichloromethane/TFA has been prac-
ticed extensively in our group [49,50]. In this case, successful
hydrolysis was confirmed by the disappearance of the tBA 1H NMR
peak at 1.35 ppm.

PEG-b-PAA with a relatively short PAA block was used because
we suspected that many binding AA units per chain might lead to
the irreversible binding of the chains to the growing Co nuclei and
nanocrystals. As will be discussed later, this might lead to particles
with a wide size distribution.

3.2. Results of Co nanoparticle preparations

Co nanoparticles were prepared from the rapid injection of
Co2(CO)8 in 1,2-dichlorobenze into a reservoir of 1,2-dichlorobenze
at 185 �C, in the presence of PEG-b-PAA and TOPO. This method is
clean, since elemental cobalt is the only nonvolatile product of the
reaction:

Co2(CO)8/ 2 Coþ 8 CO

For optimization of Co nanocrystal preparation, we examined
how variations in the reaction temperature, the reaction time, and
the concentrations of Co2(CO)8, PEG-b-PAA, and TOPO affected the
sizes of the resultant Co nanocrystals. Table 2 gives the conditions
for some of our preparations, and the size characteristics of the
particles obtained from these preparations. The different batches
were not listed in their batch number sequence but grouped to
show a particular data variation trend or to facilitate data
discussion.

The TEM diameter d and the spread of the diameter s of each
sample were obtained from analyzing TEM images of the resultant
Co nanoparticles. Fig. 1 shows TEM images of samples from Batches
55 and 59, with their preparation recipes shown in Table 2. Since
Table 1
Characteristics of PEG-b-PtBA, the precursor to PEG-b-PAA.

SEC Mw/Mn
1H NMR n/m n m

1.22 15.1 113 7.5
the samples were not stained before TEM observation, only the Co
cores should be discernible here. Not all particles were strictly
spherical, probably due to the fast rate of particle growth [7]. For
the spherical particles the measurement of the diameter was
straightforward. When the particles were not spherical, the d value
was taken as the average length measured along the long and short
axes of each particle, respectively. The d and s values were obtained
from the analysis of >140 Co nanoparticles for each sample.

Most of the Co nanoparticles in Fig. 1a and b were associated
into chain-like structures. This should result from the magnetic
dipole-dipole interactions between different Co nanoparticles
[14,15,17,51]. Aside from the polymer-coated nanoparticles, we see
in the TEM images prism-shaped thin discs, with some marked by
arrows in Fig. 1b. We believe that these were PEG-b-PAA crystals
that were formed from the crystallization of PEG at room temper-
ature after solvent evaporation. We did not make an extra effort to
remove them, because we thought some free PEG-b-PAA chains
were always in equilibrium with the chains anchored on Co
surfaces, and theywould crystallize out when solvent was removed
during TEM specimen preparation.

A close inspection of results of Table 2 revealed the following
trends. First, the relative deviation s/d of the Co nanoparticles
ranged from w14% to w30%, which were substantially larger than
those reported by Puntes et al [6,9,18]. when low-molar-mass
surfactants were used as surfactants. Second, the s/d value
decreased as the initial Co(0) concentration, 2[Co2(CO)8]0 or [Co]0,
increased. Third, s/d became very large, at 44%, when TOPOwas not
used. Fourth, dTEM did not change significantly with reaction time t
after 5 min. This is better seen in Fig. 2, which shows how d from
TEM (dTEM) changed for different batches of samples, such as
Batches 33, 32, 34, and 36, which were prepared using different t.
Fifth, dTEM increased with increasing [Co]0/[COOH]0 at a given [Co]0.

The increase in dTEM with [Co]0/[COOH]0 is better seen in Fig. 3.
To plot the data, we have artificially divided the data obtained in
the presence of TOPO into three groups. Data of Group I were for
samples prepared at [Co]0¼ 0.026 M, and were denoted by � in
Fig. 3. Group II included data for samples prepared at
[Co]0� 0.080 M, and their data were denoted by D in Fig. 3. Group
III samples were those with [Co]0� 0.013 M, and their data were
denoted by B. For every group of samples, dTEM increased with
[Co]0/[COOH]0.



Fig. 1. TEM images of cobalt nanoparticle Batch 55 (a) and 59 (b).
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3.3. Justification of experimental observations

According to classical theories [52e54], most inorganic crystals
are obtained via two steps. In Step 1, very small embryos of the
crystals are nucleated in a solvent. In Step 2, these nuclei grow to
yield the crystals. The preparation of monodisperse nanocrystals is
a nontrivial task, and requires the careful manipulation of the rates
of nucleation and growth.

Classical theories stipulate that only embryos above a critical
size would experience a decrease of their free energy with
increasing size, and thus grow. Below this size, the embryos are
more likely to decrease, than to increase, in size. These critical
embryos, or nuclei, can form in a homogeneous solution, because
the solution is super-saturated. Without consideration of the effect
of the surfactant, LaMer showed that the rate of nuclei formation
per unit volume was [52,55]:

rðtÞ ¼ Dc2
32p2a3g

3kTlnðc=c0Þ
exp

 
� 256p3a6g3

27ðkTÞ3½lnðc=c0Þ	2
!

(1)

Here c is the concentration of atoms, molecules or ions, that are
generically called monomers of the crystal, present in the system at
time t, c0 is the solubility of a bulk crystal, a is the effective radius of
a monomer unit in a crystal, D is the diffusion coefficient of the
monomer, g is the effective interfacial tension between a nuclei or
crystal and its surrounding medium, and kT is the thermal energy.
At a given temperature T, r(t) evidently depends strongly on c. If
c< c0, r(t) is negative, and the embryos aremore likely to dissociate
than to grow. A plot of Eq. (1) indicates that r(t) starts to take off
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Fig. 2. Variation in dTEM of the Co nanocrystals as a function of Co2(CO)8 decomposi-
tion time at 185 �C.
quickly from zero only at cz1:5c0. Thus, a critical nucleation
concentration cn with cn> c0 exists. Above cn, nucleation occurs
rapidly.

The growth of inorganic crystals has been traditionally assumed
to be diffusion controlled [54,55]. Particles of different sizes grow at
different rates for two reasons. First, more monomers are required
to increase the radius of a spherical particle with a larger radius
than a smaller radius r. Second, the solubility of spherical nano-
crystals Sr increases with decreasing r following the Gibbs-Thom-
son equation [54]:

Sr ¼ c0exp
�
2ga3

rkT

�
(2)

Assuming 2ga3
rkT << 1, and a substantially larger diffusion layer

thickness than the radius r of the Co nanocrystals, the diffusion-
controlled growth rate for r is [54]:

dr
dt

¼ KD

r

�
1
r*

� 1
r

�
(3)

Here r* is the critical nanocrystal radius at which the nanocrystal’s
solubility is equal to the bulk monomer concentration at time t or
Sr* ¼ c, and KD is:

KD ¼ 2gDa6c0
kT

(4)

Equation (3) suggests that dr/dt> 0 only if r> r*, or the particles
grow with time only if their radius is larger than r*.
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Fig. 3. Plot of dTEM vs. [Co]0/[COOH]0 for samples prepared at [Co]0< 0.026 M (B),
[Co]0¼ 0.026 M (�), and [Co]0> 0.026 M (D).



Table 3
TGA analysis results and Co conversion yields for several batches of samples.

Batch TEM ðd� sÞ/nm Yield Fractional weight
loss between
100 and 425 �C

yCo

28 17.4� 3.3 73% 26% 93%
29 15.7� 2.7 61% 38% 97%
27 12.7� 2.3 41% 57% 94%
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Equations (1) and (3) suggest that monomer concentration c and
temperature T have a much more pronounced effect on r(t) than on
dr/dt. A conventional trick used to produce monodisperse nano-
crystals is to use sufficiently high T and c to induce burst nucleation.
Under these circumstances, the precursors decompose quickly, to
produce a large amount of monomer, so that cn is exceeded. The
swift nucleation then reduces c down to cn and nucleation essen-
tially stops. It is between c0 and cn that growth takes place. By
optimizing the temperature Tand precursor concentration, one can,
in principle, synchronize the rates of precursor decomposition and
crystal growth, so as not to push c above cn again. Thus, nucleation
occurs only initially, and is followed by a growth process. The
temporal resolution of the nucleation and growth processes
ensures the production of monodisperse crystals [52e54].

Aside from the separation of the nucleation and growth
processes, a preparation should be terminated during the size
focusing stage, rather than during the size defocusing, or Oswald
ripening stage [7,54e57]. A closer analysis of Eq. (3) reveals that
smaller particles grow faster than the larger particles only if all of
the particles have r > 2r*. In the particle size focusing regime, the
distribution of the particles narrows with time. As a reaction
proceeds, the precursor and monomer concentration c decreases.
This causes r* to increase with time. By the time r* becomes
comparable with the mean particle size, the system enters the
size defocusing regime, because the smaller particles have a smaller
dr/dt than the larger ones, and can even have negative growth rates.
Thus, monodisperse particles are prepared if the monomer
concentration remains high throughout the preparation, before the
particle size defocusing regime sets in. This is ensured again by the
use of a relatively high precursor concentration, and also by the use
of incomplete precursor conversion (not 100% conversion, but it
can be very close to 100%, because the highest c that can be used is
cn, and cn is normally very low).

In this study, the precursor used was Co2(CO)8 and the decom-
position temperature of Co2(CO)8 was 52 �C [58]. Aside from using
the sample preparation temperature of 185 �C, we also attempted
the Co nanocrystal synthesis at 150 �C. Using the recipe for Batch 28
and T¼ 150 �C, we found that Co2(CO)8 did not undergo significant
decomposition after 5 min, as judged from the retention of the dark
blue color of Co2(CO)8. After 30 min at 150 �C, the reaction mixture
turned black. The resultant Co nanocrystals had wide size distri-
butions, however, with sizes ranging from several to w50 nm.
Smaller s/d values were obtained at 185 �C, probably due to the
better resolution of the nucleation and growth processes.

There are probably several reasons for the observed larger
s/d values when PEG-b-PAA, rather than oleic acid, was used as the
surfactant for Co nanocrystal synthesis. First, we have probably not
found the optimal conditions required for monodisperse particle
preparation. Second, the stronger binding between Co and PEG-b-
PAA, than between Co and oleic acid, should have reduced the Co
monomer concentration in a given system. Our belief is that
embryos, nuclei and growing nanocrystals were probably covered
by PEG-b-PAA. The probability for a Co/PEG-b-PAA complex to add
directly onto an embryo, a nucleus, or a nanocrystal should be
much lower than a Co monomer, first due to the reduced diffusion
of a complex relative to a Co atom, and then due to the greatly
increased steric repulsion between a complex and the coronal
PEG-b-PAA chains of a particle. As mentioned before, the use of low
monomer concentrations c is not ideal, firstly due to the poor
resolution of the nucleation and growth processes, and then
because of the system’s greater likelihood of entering the size
defocusing regime. Third, there is a distribution in the number of
AA units. These different binding strengths between the different
surfactant molecules may render different growth rates to different
particles, and thus lead to a broader Co particle distribution.
That the s/d values decreased among the three groups of
samples as [Co2(CO)8]0 increased was in agreement with our prior
discussion of the effect of increased Co2(CO)8 concentrations. The
use of higher precursor, and thus monomer concentrations c, is
more likely to improve the chances for a resolution of the nucle-
ation and growth processes, and also to decrease the system’s
chances of entering the size defocusing regime.

The smaller s/d values observed in the presence of TOPO has
been traditionally accounted for by the dynamic binding nature of
the TOPO ligand [6,10]. The dynamic binding of TOPO probably
facilitates the swift deposition of Co monomers onto Co nano-
crystals, and helps avoid the buildup of Co monomer concentra-
tions above cn, which would trigger further nucleation during the
growth stage.

The production of larger particles at larger [Co2(CO)8]0/[COOH]0
values could be explained also by referring to Eqs. (1) and (3). As the
surfactant content decreases, the extent of binding between PEG-b-
PAA and Co monomers and nanocrystals decreases, and c may
increase. The effective interfacial tension g between Co and the
solvent should also increase. An examination of the exponent of
Eq. (1) suggests that the effect of an increase of g may dominate
over the effect of an increase of c, and that r(t) decreases with
increasing [Co2(CO)8]0/[COOH]0. The rate of growth should increase
with increasing [Co2(CO)8]0/[COOH]0, according to Eqs. (3) and (4),
because of an increase in KD. A decreased number of nuclei formed
should thus result in the formation of fewer nanocrystals, and the
average size of the nanocrystals should increase.

3.4. Reaction yields

As mentioned before, carbonyl is volatile and should escape
from the system after reaction. We determined gravimetrically the
masses of Batches 28, 29, and 27. The yields were calculated as the
ratios between the actual product mass and the theoretical
maximal mass, which should be the sum of that of Co(0) in
Co2(CO)8, and that of PEG-b-PAA used. Table 3 shows that the yields
are substantially lower than 100%, because PEG-b-PAA that was not
bound to the Co nanocrystals was mostly removed during sample
purification. As [Co2(CO)8]/[COOH] increased, dTEM and the yield
increased.

To determine the percentage of conversion from [Co2(CO)8] to
Co(0) nanocrystals, we determined the polymer weight fractions in
the PEG-b-PAA/Co nanocrystals of these three samples using TGA.
Interpretation of the TGA data required the use of certain
assumptions. In Scenario 1, we assumed that the Co nanocrystals
survived the heating from 100 to 425 �C intact. At the same time,
we assumed that the PEG-b-PAA coating decomposed into volatile
products, just like pure PEG-b-PAA, with onlyw3% residual carbon.
This gave us Co(0) conversions yCo of w120% for all of the three
samples. This conversion, which exceeded 100%, prompted us to
assume in Scenario 2 that Co reacted with the decomposing PAA
chains, to yield CoO during the heating process. This yielded us yCo
values close to 100% (Table 3) as we had expected. Thus, we suspect
that the Co nanoparticles did react during the thermal analysis to
form CoO, a conclusionwe had also reached for PAA-b-PS-coated Co
nanocrystals [16].
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Fig. 4. X-ray diffraction data of a PEG-b-PAA/Co sample.

Fig. 5. TEM image showing the core-shell structure of PEG-b-PAA/Co nanocrystals
obtained from Batch 39.

Table 4
Magnetic properties of three batches of PEG-PAA/Co nanoparticles.

Batch TEM ðd� sÞ/nm Polymer weight
fraction

MS (emu/g) MR (emu/g) Hc (kOe)

39 15.5� 2.9 41% 123 21.8 0.110
41 13.3� 2.2 47% 134 15.0 0.044
42 10.9� 2.0 59% 137 10.0 0.028

N. Martinez-Castro et al. / Polymer 51 (2010) 2629e26352634
3.5. Crystal structure of Co

Illustrated in Fig. 4 are the X-ray diffraction data of batch sample
24 with a Co diameter of 11.2� 3.3 nm. The peak positions and
intensity distribution of Fig. 4 bear exact resemblance to those
reported for 3-Co nanoparticles [18,19]. Thus, the particles have the
lattice structure of 3-Co nanoparticles.

The half-maximum width d2q for the (221) peak in Fig. 4 is 1.1�.
Assuming that the small size of the cobalt particles was the
dominant cause for peak broadening, we used the d2q value in the
Scherrer equation [59]:

dX ¼ Kl
d2qcosq

(5)

to calculate the average diameter dx of the particles. Here
l¼ 0.15418 nm. In order to assign the K value, we assumed that the
particles were approximately spherical, and thus K¼ 1.107. This
yielded a dx value of 9.6 nm. This is in reasonable agreement with
the TEM diameter of 11.2� 3.3 nm, considering that other peak
broadening mechanisms may have also been at play. The reason-
able agreement between the TEM and X-ray diameters suggests the
single crystalline nature of the particles produced.

3.6. Core-shell structure of the Co nanocrystals

The particles should consist of a Co core surrounded by
a monolayer of PEG-b-PAA, where PAA anchors onto the surfaces
of the Co particles and PEG stretches out into the solvent phase.
This PEG-b-PAA layer was seen sometimes by TEM when the
carbon-coating on a TEM grid was thin. Fig. 5 shows such an
image. A parallel pair of lines was drawn to bound the core and
the shell of a particle, respectively. The shell layer is clearly visible
for most of the particles in this image. Averaging over 100 parti-
cles, we obtained a mean thickness of 6.1 nm for the diblock layer,
which is about 7 times smaller than the fully-stretched length of
the PEG block.

3.7. Re-dispersion of the PEG-b-PAA/Co nanocrystals

Addition of the PEG-b-PAA/Co nanocrystal dispersions in 1,2-
dichlorobenzene into excess diethyl ether induced precipitation of
the nanocrystals. The addition of solvents such as DMF, dichloro-
methane, chloroform, ethyl acetate, and water after supernatant
removal from the precipitate led to the quick redispersion of the
nanocrystals. After drying the particles under vacuum, the
nanocrystals turned into dense lumps, which were redispersed
only slowly in the above solvents.

These dispersions in organic solvents such as dichloromethane
in sealed bottles were chemically stable for months, as judged from
the retention of the magnetic properties of Co. The colloidal
stability of the particles depended on the particle size. For a sample
with dTEM ¼ 8:4� 1:8 nm, the particles settled from dichloro-
methane only after 2 weeks. On the other hand, batch 39 with
dTEM ¼ 15:5� 2:9 nm settled after approximately 3 days. For all
samples with dTEM < w18 nm, the settled particles could be readily
re-dispersed after agitation. The Co nanoparticles were highly
dispersible in water as well. Unfortunately, the Co nanoparticles
seemed to lose their magnetic properties over approximately 10 h,
probably due to the oxidation of Co.
3.8. Magnetic properties

We have also obtained the magnetization curves, Fig. 6, for
three samples. From the curves, we determined the saturation
magnetization MS, remanent magnetization MR, and coercivity Hc

for the samples and the results are given in Table 4. As dTEM
increased, the particles became progressively ferromagnetic, with
MR and Hc increasing. In all cases, the MS values were high,
approaching 161 emu/g for bulk Co [60]. A saturation magnetiza-
tion lower than that of bulk materials is normal for nanoparticles.
Typical reasons for this behaviour include the reaction or
complexation of the surface atoms of magnetic nanoparticles with
surfactant, which may create a layer with no magnetization [61].
With a significant fraction of surface atoms, any crystalline disorder
within the surface layer may also lead to a significant decrease in
nanoparticle saturation magnetization. The similarities between
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theMS values of our Co nanoparticles and those of bulk Co suggests
the high purity of the Co crystals, and also a negligible surface
deactivation effect.

4. Conclusions

A PEG-b-PAA diblock copolymer has been synthesized and
characterized. This diblock copolymer, consisting of 113 EG units
andw7.5 AA units, worked well as the surfactant in the preparation
of PEG-b-PAA/Co nanocrystals. These crystals were prepared via the
thermal decomposition of Co2(CO)8 in the presence of the diblock
copolymer surfactant PEG-b-PAA and co-surfactant TOPO. At 185 �C
in 1,2-dichlorobenzene, the nanoparticles were formed within
5 min. The size of the particles increased, at a given initial Co2(CO)8
concentration, with [Co2(CO)8]0/[PEG-b-PAA]0, and could be
reproducibly tuned between w5 and w20 nm. Particles with the
lowest polydispersities were produced at the highest [Co2(CO)8]0,
and these results could be justified by classical crystal nucleation
and growth theories. The lattice structure of the nanocrystals was
determined by X-ray diffraction to be 3-Co, and the particles were
dispersible in a wide range of solvents, including water, which
solubilized PEG. Magnetic measurements revealed that the parti-
cles possessed saturation magnetization values very close to those
of bulk Co, suggesting the high purity of the particles.
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