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A
bove a critical size, Co nanoparti-
cles may overcome repulsion pro-
vided by the coating surfactant

molecules and aggregate because of mag-
netic dipole�dipole interaction into chain-
like structures.1,2 Such structures include
linear chains, loops, networks, and 3-d su-
prastrctures as have been predicted
theoretically3�5 and verified
experimentally.1,2,6,7 While such structures
can be beautiful, they are normally not very
stable. Multiple rinsing of Co nanoparticles
by a good solvent for the surfactant nor-
mally leads to surfactant removal and the
precipitation of the Co nanoparticles.8 The
locking of such aggregated structures via
the cross-linking of the coating surfactant
molecules may yield interesting materials
with novel applications. For example, one
can imagine the locking of a 3-d network
structure to yield a porous film.9 Such a
polymer-coated Co dipolar chain network
may contract or expand in the presence or
absence of a magnetic field and may be
useful in controlled release applications.
While many obstacles need to be overcome
before the preparation of such a material,
we report in this paper our first step toward
such a goal. This involves the coating of lin-
ear dipolar chains of Co nanoparticles by a
diblock copolymer and the cross-linking of
the anchoring layer of the coating copoly-
mer to yield “permanent” polymer-coated
Co nanoparticle chains.

More specifically, the Co nanoparticles
used were prepared from the high temper-
ature decomposition of Co2(CO)8 utilizing a
diblock copolymer poly(2-
cinnamoyloxyethyl methacryate)-block-
poly(acrylic acid), PCEMA-b-PAA or polymer
I, as surfactant. The polymer had 30 CEMA
units and 4 AA units. The resultant particles
were coated by PCEMA-b-PAA with PAA an-

choring on the Co surface and the PCEMA
block stretching into the solvent phase (A,
Scheme 1). The Co nanoparticles aggre-
gated into linear chains spaced by PCEMA-
b-PAA for the magnetic dipole�dipole in-
teraction (A¡B, Scheme 1). To build a fully
protecting layer for the dipolar chains, we
mixed them in a solvent with another
diblock copolymer poly(tert-butyl acrylate)-
block-poly(2-cinnamoyloxyethyl methacry-
late), PtBA-b-PCEMA or polymer II, consist-
ing of 290 tBA units and 100 CEMA units. To
the solution was then added methanol, a
block selective solvent for PtBA. Above a
sufficiently high methanol content, the
PCEMA blocks of Polymers I and II collapsed
from the solvent phase and the coated di-
polar chains were rendered colloidally
stable by the PtBA chains (B¡C). Photoly-
sis of such a mixture with UV light led to the
cross-linking of the collapsed PCEMA layer
(C¡D) and the structural locking of the di-
polar chains.
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ABSTRACT Above a critical size, Co nanoparticles aggregate because of magnetic dipole�dipole interaction

into chains. Reported in this paper is the coating of such chains by an AB diblock copolymer in a block-selective

solvent for the A block. Also reported is the cross-linking of the deposited or anchored B block of the diblock

copolymer to lock in the coating and thus the dipolar chain structure. The Co nanoparticles used were prepared

from the high-temperature decomposition of Co2(CO)8 using poly(2-cinnamoyloxyethyl methacrylate)-block-

poly(acrylic acid) or PCEMA-b-PAA as surfactant. To coat the dipolar chains, the particles and diblock copolymer

poly(tert-butyl acrylate)-block-poly(2-cinnamoyloxyethyl methacrylate), PtBA-b-PCEMA, were dispersed in a good

solvent for PCEMA and PtBA. Methanol, a precipitant for PCEMA and a good solvent for PtBA, was then added. This

induced the collapsing of the PCEMA blocks and the deposition of the PCEMA block of PtBA-b-PCEMA onto the

surface of PCEMA-b-PAA-coated Co nanoparticle chains. The dipolar chains remained colloidally stable in solution

for steric stabilization provided by PtBA. The coating was cured by photocrosslinking the PCEMA layer. Such

“permanent” and solvent-dispersible Co dipolar chains are novel and may have interesting applications.

KEYWORDS: Co nanoparticles · magnetic nanoparticles · magnetic dipolar
chains · polymer brush · block copolymers · cross-linking
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While we are unaware of reports on the prepara-

tion of solvent-dispersible cross-linked Co dipolar

chains, Co nanoparticle chains have been assembled

at an oil/water interface and have been “fossilized” or

frozen onto the oil phase surface by the quick photo-

crosslinking or gelling of the oil.10,11 Also dipolar chains

of polymer-coated Co nanoparticles have been pyro-

lyzed to yield carbon-coated Co nanofibers.12 Going be-

yond Co, there have been reports on polymer/Ni or

polymer/�-Fe2O3 hybrid nanofibers13�15 obtained from

the production of Ni or �-Fe2O3 in the cores of pre-

formed triblock copolymer nanotubes. There have been

also reports on the preparation of superparamagnetic

chains from the interlinking of polymer/magnetite com-

posite microspheres with sizes typically larger than

500 nm.16�20 The movement of such chains in a rotat-

ing magnetic field has been shown to facilitate reagent

mixing in microfluidic channels.21 The passing of a

DNA solution through a standing array of such chains

has helped the separation of DNA of different sizes.22

RESULTS AND DISCUSSION
Co Nanoparticle Sample 1. There have been many re-

ports on the preparation of Co nanocrystals with differ-

ent geometries.18 Co nanoparticles have been pre-
pared typically from two methods at high
temperatures. Method 1 involves the high tempera-
ture decomposition of a Co(0) precursor such as
Co2(CO)8 in the presence of a surfactant (e.g., oleic
acid) and a cosurfactant (e.g., TOPO).23,24 The surfac-
tants were used to regulate the growth and to render
colloidal stability to the final Co nanoparticles. TOPO,
binding reversibly to Co, was used mainly to narrow the
particle size distribution. Method 2 involves the reduc-
tion of Co2� in the presence of a surfactant and
cosurfactant.25,26 Aside from using small-molecule sur-
factants, random copolymers,27,28 block copolymers,8,29

and end-functionalized copolymers6 have also been
used as surfactant.

We prepared Co nanoparticle sample 1 from the
high temperature decomposition of Co2(CO)8 in dichlo-
robenzene using polymer I and TOPO as the surfactant
and cosurfactant. We used a double injection protocol
for the precursor Co2(CO)8 because it helped yield par-
ticles with narrower size distributions as discovered and
justified by Peng et al.30 After each preparation, the par-
ticles were purified by magnetic decantation, which in-
volved the capturing of the particles on the wall of a vial

next to a magnet and the removal of
dichlorobenzene. The particles were re-
dispersed in chloroform. Shown in Fig-
ures 1a and 1b are TEM images for such
a sample aspirated from chloroform
on carbon-coated copper grids.

These images reveal the following
features about the particles. First, the
particles had a core�shell structure as
seen in Figure 1b. The core must have
consisted of the more strongly
electron-diffracting Co nanocrystal,
and the shell must have consisted of
PCEMA-b-PAA. The shell thickness was

Figure 1. TEM images of Co nanoparticle sample 1 aspirated on carbon-coated copper grid at
low (a) and high (b) magnifications. Only the specimen for Figure 1b was stained by OsO4.

Scheme 1. Cross-sectional schematic for formation (A¡B), coating (B¡C), and structural locking (C¡D) of a Co dipolar
chain.
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measured along the line that coincided with the radial
direction of each constituent Co nanoparticle and that
of the dipolar chain. The average of over more than 100
particles was 5.5 � 0.7 nm for this sample. Second, the
particles had a relatively narrow size distribution in
agreement with results reported for another
polymer�ligand-based synthesis.6 Averaging over
more than 100 Co nanocrystals, we obtained an aver-
age Co core diameter of 19.4 � 2.1 nm for this sample.
Third, most of the particles were in an aggregated form.
Rather than aggregation into compact 3-d clusters,
which were products expected if the nondirectional or
isotropic van der Waals attraction operated between
the different particles, the particles aligned into linear
chains and branched chains (marked by arrows). Fourth,
the average spacing or the closest distance between
two neighboring Co particles in the dipolar chains was
3.6 � 1.0 nm. To obtain this average, we excluded these
pairs of particles marked by dark lines Figure 1b, be-
cause they had a separation distance larger than 6 nm
and appeared to belong to different dipolar chains or to
be in a transition to dissociate or associate.

Since the binding energy should be much higher
for the AA units than for the CEMA units,31 polymer I
should bind to the Co nanoparticle surfaces via the PAA
block as depicted in Scheme 1. The diblock consisted
of a total of 34 units for CEMA and AA. The length of
such a fully stretched chain is 8.6 nm. Assuming a char-
acteristics ratio C� of 6.0, a typical value for atactic poly-
(methyl methacrylate),32 the root-mean-square end-to-
end distance of such a chain in the unperturbed state
was estimated to be 3.1 nm. The fact that the layer
thickness was between 3.1 and 8.6 at 5.5 nm was
reasonable.

While linear and branched chains are all theoreti-
cally predicted structures formed from the self-
assembly of dipolar particles,9 we should be cautious
in concluding about the true existence of the branched
chains in the solution phase. They could have formed
during chloroform evaporation or TEM specimen prepa-
ration. The linear chains must have existed already in
the solution phase because they were far more ubiqui-
tous than the branched structures. Their existence in so-
lution has been demonstrated by various groups using
techniques such as cryo-TEM1 as well as structural lock-
ing of Co dipolar chains and then the confirmation of
the chain structures by microscopy.10 Their existence in
solution in our case will be unambiguously proven by
our ability to coat and lock in such structures in
solution.

The average particle spacing of 3.6 nm for both
batches of Co nanoparticles in dipolar chains was much
smaller than 2 � 5.5 nm, with 5.5 nm being the PCEMA-
b-PAA shell thickness. This suggests the extensive com-
pression of the surface PCEMA chains between different
particles as depicted in B of Scheme 1. Zhulina et al.33

argued that two identical approaching brush layers

should each get compressed rather than undergo inter-

mixing if the spacing between the substrates is larger

than the unperturbed dimension of the polymer coils in

solvent. For PCEMA with 30 repeat units, its radius of gy-

ration should be around 1.2 nm. On the basis of these,

we have thus depicted in B of Scheme 1 compressed

rather than mixed PCEMA chains between two neigh-

boring Co nanoparticles in a dipolar chain. This will be

proven correct later by our experimental evidence.

The small interparticle distance in a chain suggests

a strong dipolar attractive force. Quantitatively, the di-

polar coupling constant � defined as the ratio between

the dipolar interaction energy and the thermal energy

kBT is10,34

λ) µ2

4πµrµ0σ
3kBT

(1)

where �0, 4	 � 10�7 NA�2, is the magnetic permeabil-

ity of the vacuum; �r is the relative permeability for

the diamagnetic chloroform or dichlorobenzene and

should be close to 1;35 
 is the overall diameter of a

polymer-I-coated Co nanoparticle and was assumed to

be 30.4 nm; and � is the magnetic dipole moment of a

Co particle. For a Co particle with a radius r, � is given by

µ)
4πr3µ0Ms

3
(2)

where Ms, the saturation magnetization of bulk Co, is

1.4 � 106 Am�1.36 Inserting eq 2 and the relevant infor-

mation into eq 1, we estimated a � value of 24.6 for

Co particles with a diameter of 19.4 nm, thus confirm-

ing the strong dipole�dipole interaction.

Figure 2 shows X-ray diffraction data for the Co

nanoparticles. A comparison with literature data sug-

gests that the particles were �-Co nanocrystals.26,37,38

Using the data of peak 221 and peak 310 and the Scher-

rer equation we obtained the nanocrystal diameters of

Figure 2. X-ray diffraction data for polymer-I-coated Co
nanoparticles.
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18.4 and 19.3 nm, which are in agreement with the

TEM diameter of 19.4 � 2.1 nm for the Co nanocrystals.

We dissolved the Co cores of the nanoparticles by

HCl and then titrated the Co2� amount complexomet-

rically following procedures detailed in the Supporting

Information. This yielded a Co weight fraction of 70% in

the nanoparticles. Using the densities of 8.9 and 1.25

g/cm3 for Co39 and the diblock copolymer40 and a di-

ameter of 19.4 nm for the Co nanoparticles, we calcu-

lated a shell thickness of 5.8 nm, which agreed with 5.5

� 0.7 nm from TEM analysis.

We obtained from gravimetric analysis that the utili-

zation rate for the Co element in the precursor Co2(CO)8

was 82% and that for PCEMA-b-PAA was lower at 67%.

This lower than 100% utilization rate for Co was prob-

ably for operational sample loss and for the removal of

some smaller Co nanoparticles during the magnetic de-

cantation step.

To know the extent to which the PCEMA block had

undergone thermal cross-linking during Co nanoparti-

cle preparation, a control experiment was performed. In

this experiment, PCEMA-b-PAA was subjected to the

same heat treatment that it would have received in a

normal Co nanoparticle preparation protocol except

that Co2(CO)8 was not used. The polymer was then ana-

lyzed spectrophotometrically for PCEMA absorbance

analysis at 278 nm. This yielded a CEMA double bond

conversion of 14%.41

Coating and Structural Locking of the Co Dipolar Chains. To

coat the dipolar chains, we mixed the Co nanoparticles

with polymer II and then added methanol slowly. Being

insoluble in methanol, the PCEMA block of polymer I

should precipitate from the solvent phase above a criti-

cal methanol content. Being longer, the PCEMA block

of polymer II should precipitate out before the PCEMA

block of polymer I. Obviously these two blocks should

be compatible. The PCEMA block of polymer II spread

on the surface of the dipolar chains, and the PtBA chains

stretched into the solvent phase. Thus, polymer II

formed a brush layer42�45 on the dipolar chain surface

as depicted in Scheme 1. The dipolar chains remained

dispersed in CHCl3/MeOH because of
steric stabilization provided by the
soluble PtBA block of polymer II.46

Once the dipolar chains were coated
by polymer II, we used a standard proto-
col as described in the Experimental
Section for the photolysis of the result-
ant samples to produce “permanent”
polymer/Co chains. Such samples, re-
ferred from now on as Co sample 2, nor-
mally had a PCEMA double bond con-
version of �43% from photolysis.

We experimented with different Co
sample 1 to polymer II weight ratios
and found out that a mass ratio of �1/1

worked the best. The use of too much polymer II
yielded samples containing many cross-linked micellar
particles of polymer II as the background in TEM im-
ages. The use of too little polymer II led to samples that
could not redisperse in solvents after they were
vacuum-dried into solid. However, the use of excess
polymer II did not present any technical challenges be-
cause the cross-linked micelles were readily separated
from the dipolar chains by magnetic decantation.

Figure 3 shows TEM images of Co sample 2. The
sample was coated and cross-linked using the opti-
mized protocol. The dipolar chain structure of Figure 1
was clearly retained here. The TEM image of Figure 3b
shows the thickness of the stainable PCEMA layer had
increased from 5.5 � 0.7 nm to 9.2 � 1.5 nm, support-
ing the deposition of polymer II on the original dipolar
chains.

We have determined by complexometric titration a
Co weight fraction of 46% for such a sample. Assum-
ing that the weight ratio between Co and polymer I was
the same in Co samples 1 and 2, we calculated weight
fractions of 34% for polymer II and 20% for polymer I in
Co sample 2. Using the weight fraction of 41% for
PCEMA in polymer II, we estimated that the PCEMA
layer thickness in Co sample 2 with a core diameter of
19.4 nm should be at 8.2 nm. This is somewhat smaller
than the TEM value of 9.2 � 1.5 nm but is reasonable
considering that the PCEMA layer of the TEM sample
might be trapped in a partially swollen state after aspi-
ration from CHCl3.

Properties of the Cross-Linked Dipolar Chains. Aside from
structural integrity retention as confirmed by TEM, the
cross-linked Co dipolar chains retained the magnetic
properties of their precursors. Figure 4 shows the mag-
netization curves for powders of Co samples 1 and 2 ob-
tained at 300 K. For Co sample 1, the saturation magne-
tization MS, remanence magnetization MR, and
coercivity HC were 120 emu/g, 34 emu/g, and 0.79
kOe, respectively. These values changed to 74 emu/g,
19.0 emu/g, and 0.85 kOe for sample 2. Taking the Co
weight fractions of 70% and 46% for samples 1 and 2
into consideration, the MS and MR values were 171 and

Figure 3. Low (a) and high (b) magnification TEM images of polymer-II-coated and cross-
linked Co dipolar chains aspirated from CHCl3 on carbon-coated copper grids.
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49 emu per g of Co for sample 1 and 161 and 41 emu

per g of Co for sample 2. The two sets of MS, MR, and HC

values evidently agree reasonably well with each other.

The nonzero MR and HC values suggest that the Co

nanoparticles at a TEM diameter of 19.4 � 2.1 nm were

ferromagnetic at 300 K, a conclusion in accord with ob-

servations made by others before.6 The MS values of

171 and 161 emu/g of Co for samples 1 and 2 are close

to the MS value of 161 emu/g reported for bulk Co.39

This suggests the high purity of the Co crystals. A MS

value higher than 161 emu/g of Co was obtained for

sample 1 most probably for an underestimated Co con-

tent for this sample. For this sample, polymer I was not

covalently attached to Co. The amount of polymer I re-

maining in a smaple depended on how it was rinsed by

solvents. The sample used for Co content analysis was

not rinsed by solvents after its precipitation from DBC/

diethyl ether. On the other hand, the sample used for

magnetic property measurement was rinsed twice by

hexane and probably contained less polymer I and

higher than 70% Co.

To know what happened to the dipolar chains in a

magnetic field on the microscopic scale, we dispensed

one drop of a cross-linked Co dipolar chain solution in

CH2Cl2 on a carbon-coated TEM grid placed next to a

0.47-T magnet. After evaporation of the solvent CH2Cl2,

we obtained TEM images with one shown in Figure 5.

Some of the dipolar chains clustered in a magnetic
field. Also, they had a tendency to align along the mag-
netic field direction. These behaviors are the same as
those that we observed for triblock copolymer/�-Fe2O3

hybrid nanofibers.14

The anticipated advantage of the cross-linked Co di-
polar chains was their stability against repeated sol-
vent rinsing. To show this, we rinsed by magnetic de-
cantation Co dipolar chains that were coated with
polymer II before and after PCEMA cross-linking. Fig-
ure 6 compares the dispersion states after CHCl3 rins-
ing three times of two polymer-II-coated samples that
were irradiated and not irradiated by UV light. Evidently,
the sample that was not irradiated totally lost its dis-
persibility after CHCl3 rinsing. We rinsed the cross-linked
sample only up to 10 times and noticed no change in
colloidal dispersibility of this sample. Our suspicion was
that the sample would retain its colloidal stability re-
gardless of the rinsing times. Also the cross-linked
sample could be dispersed in a wide range of good sol-
vents for PtBA and they included methanol, toluene,
and tetrahydrofuran.

Solvent-dispersible Porous Nanofibers. Co could be dis-
solved by HCl. After Co dissolution, the polymer coat-
ing remained dispersed in the CHCl3 phase. After
sample aspiration on a carbon-coated TEM grid and
sample staining by RuO4, the residual polymer was ana-
lyzed by TEM with one image shown in Figure 7a.

The Figure shows that the fibers contained internal
cavities once occupied by Co nanoparticles before their
dissolution. Thus, such polymer/Co dipolar chains
served as precursors for the preparation of solvent-
dispersible porous polymer nanofibers, an architecture
that should be novel.

Cross-linking of Polymer-I-Coated Co Nanoparticles. We have
tried to lock in the dipolar chain structure at stage B of
Scheme 1 or dipolar chains coated by polymer I. The
photocrosslinking of PCEMA at this stage under condi-
tions similar to those used for the polymer-II-coated di-
polar chains did help stabilize the dipolar chains against
CHCl3 rinsing. The photolyzed polymer-I-coated dipo-
lar chains, however, failed to redisperse in organic sol-
vents such as THF and chloroform after they had been
vacuum-dried. This was similar to the behavior of shell-
cross-linked diblock copolymer spherical micelles that
we studied before.47 This happened probably because
such particles lacked a proper steric stabilization layer,

Figure 4. Magnetization curves for polymer-I-coated (rred)
and polymer-II-coated and PCEMA-cross-linked (blue) Co
nanoparticle powders.

Figure 5. TEM image of polymer-II-coated and cross-linked
Co dipolar chains left on a carbon-coated copper grid after
solvent evaporation from one drop of the chain solution in
CH2Cl2 in a magnetic field. The arrow denotes the magnetic
field direction.

Figure 6. Photograph comparing dispersions of polymer-II-
coated Co nanoparticles subjected to no UV irradiation (left)
and UV irradiation (right) after rinsing by CHCl3 thrice.
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such as the PtBA layer in Co sample 2, to provide the

dispersion power for them.

Shown in Figure 7b is a TEM image of the organic re-

sidual after Co was dissolved by HCl from a polymer-I-

coated and PCEMA-cross-linked dipolar chain sample.

Unidentified pieces of various sizes are seen. While a de-

tailed account of the species seen in 7b is beyond the

scope of this paper, what is clear here is the absence of

the fiber-like structures as seen in Figure 7a. This sug-

gests little reaction between polymer I chains attached

to different Co particle surfaces and confirms our prior

assertion that PCEMA chains of neighboring particles

did not undergo much intermixing.

CONCLUSIONS
PCEMA30-b-PAA4 and PtBA290-b-

PCEMA100 have been synthesized and
characterized. Using PCEMA30-b-PAA4

as a surfactant, uniform Co nanoparti-
cles coated by PCMEA30-b-PAA4 have
been prepared from the high tempera-
ture decomposition of Co2(CO)8. At a
Co diameter of 19.4 � 2.1 nm, the Co
weight fraction in such particles was
determined by complexiometric titra-
tion of Co2� after Co dissolution by HCl
to be 70%. The thickness of the
PCMEA30-b-PAA4 layer was determined
by TEM to be 5.5 � 0.7 nm. The Co
nanoparticles aggregated, due to mag-

netic dipole�dipole interaction, into dipolar chains.

Adding methanol into a mixture containing an ap-

proximately equal weight of the dipolar chains and

PtBA290-b-PCEMA100 in chloroform to a methanol

volume fraction of 80% led to the deposition of

PtBA290-b-PCEMA100 onto the dipolar chain sur-

faces. The dipolar chains remained stable colloidally

in solution for steric stabilization provided by the

PtBA chains. The PCEMA layer was cured by photol-

ysis. Such “permanent” and solvent-dispersible dipo-

lar chains were stable against solvent rinsing, re-

tained the magnetic properties of their precursors,

were novel, and may have interesting applications.

EXPERIMENTAL SECTION
Materials. Trioctylphosphine oxide (TOPO, 99%), cinnamoyl

chloride (98%), trifluoroacetic acid (TFA, 99%), xylanol orange in-
dicator, ethylenediaminetetraacetic acid disodium salt dehy-
drate (EDTA, ACS grade), sodium acetate (anhydrous), sodium
hydroxide (97%), calcium chloride (Technical grade), and calcium
hydride (95%) were purchased from Sigma-Aldrich and were
used as received. Solvent 1,2-dichlorobenzene (DCB, Aldrich, an-
hydrous, 99%) was washed with concentrated H2SO4 once and
deionized water thrice. It was then predried by CaCl2 for 24 h and
further dried by refluxing with CaH2 for another 24 h at 80 °C. It
was distilled under vacuum just before use. Cobalt carbonyl
[Co2(CO)8, Fluka, 90�95%] was added in a N2-filled glovebox
into DCB to yield a solution at 100 mg/mL before use. Chloro-
form (ACS grade), methanol (ACS grade), methylene chloride
(ACS grade), diethyl ether (ACS grade), hydrochloric acid
(36.5%�38% or 12 M), tetrahydrofuran (THF, ACS grade), and sul-
furic acid (96%�98%) were purchased from Fisher Scientific
Ltd. and were used as received. Pyridine was purchased from
Fisher Scientific Ltd. and was dried by passing it through two col-
umns of alumina.

Diblock Copolymers. Since the typical protocol for the
preparation48,49 and characterization50,51 of these block copoly-
mers has been reported by our group before, they are not re-
peated here. Polymer I was characterized in the PCEMA-b-PtBA
form for the similar solubility for PCEMA and PtBA. The repeat
unit number ratios n/m for both polymers were obtained from
comparing the 1H NMR peak intensities of the different blocks.
The specific refractive index increment dnr/dc and the light scat-
tering (LS) molecular weight Mw of the copolymers were deter-
mined in butanone. The polydispersity indices Mw/Mn of the
samples were measured by size-exclusion chromatography (SEC)

in THF based on polystyrene standards. By combining the n/m
ratios and light scattering Mw values, the weight-average repeat
unit numbers nw and mw for each diblock copolymer were calcu-
lated (Table 1). Polymer I consisted of 30 CEMA and 3.6 or 4 AA
units. Polymer II consisted of 290 tBA and 100 CEMA units.

Synthesis of Co Nanoparticle Sample 1. Three batches of Co nano-
particle sample 1 were prepared under identical conditions and
were found by microscopy analyses to possess essentially identi-
cal sizes and shell thickness. The preparation of one batch of
nanoparticles involved discharging polymer I, 36.8 mg, and
TOPO, 4.5 mg, into a 50-mL two-neck round-bottom flask. The
flask and the connected condenser were sealed with rubber
septa. The system was evacuated and back-filled by N2. This pro-
cess was repeated five times before 3.0 mL of freshly distilled
DCB was injected into the flask. The solution was heated to 180
°C within 20 min in an oil bath. Under vigorous stirring, 1.00 mL
of Co2(CO)8 solution in DCB at 100 mg/mL was rapidly injected
into the flask. Two minutes later, another 1.0 mL of Co2(CO)8 so-
lution was rapidly injected into the flask. The mixture was stirred
at 180 °C for 10 min. After this, the heater was turned off, and
the solution was allowed to cool to room temperature over �30
min. The solution was transferred into a glass vial for storage.

Figure 7. TEM images of polymer residuals after Co dissolution and aspiration from CHCl3.
Image a is for a polymer-II-coated and PCEMA-cross-linked sample and image b is for a
polymer-I-coated and PCEMA-cross-linked sample.

TABLE 1. Molecular Properties of Polymers I and II

polymer
SEC

Mm/Mn

dnr/dc
(mL/g)

LS 10�4 � Mw

(g/mol)
NMR
n/m

nw mw

I a 1.04 0.21 0.83 8.0/1.0 30 4
II 1.08 0.117 6.4 2.9/1.0 290 100

aCharacterized in the PCEMA-b-PtBA form.
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Yield Analysis. Yield for one batch of Co nanoparticle sample 1
was determined gravimetrically. This involved first adding into
a preweighed vial 0.714 g (�0.55 mL) of the synthesized cobalt
nanoparticle dispersion in DCB. Roughly 0.6 mL of diethyl ether
was then added to precipitate the particles. The precipitate was
held down to the bottom of the vial by a 0.47-T magnet, and the
supernatant was removed. Our separate experiment demon-
strated that polymer I at this DCB/diethyl ether volume ratio re-
mained dispersed in the solvent phase. The precipitate was sub-
sequently dried under vacuum for 24 h before being weighed.
The yield, defined as the ratio of weight of polymer-I-coated Co
nanoparticles to that of polymer I and Co fed into the system,
was 77%.

Co Nanoparticle Sample 2. Into a glass vial 0.645 g (�0.50 mL) of
a Co sample 1 dispersion at 16 mg/mL in DCB was charged. The
cobalt particles were captured by a magnet at 0.47 T, and the
DCB was removed. The captured polymer-I-coated Co nanopar-
ticles were redispersed in 5.00 mL of CHCl3, which is a good sol-
vent for both PCEMA and PtBA. Polymer II, 9.0 mg, was added
into the dispersion. The mixture was vortexed for 3 min before
it was transferred into a 250-mL two-neck round-bottom flask.
The mixture was stirred mechanically at 100 rpm for 5 min be-
fore 20 mL of methanol, a precipitant for PCEMA, was added over
5 min. This was followed by the immediate transfer of the result-
ant mixture into a 30-mL cross-linking cell and photolysis of the
mixture for 24 h to cross-link PCEMA. The light beam was from a
500-W mercury lamp in an Oriel 6140 lamp housing powered
by an Oirel 6128 power supply. Short-wavelength light was re-
moved by passing it through a 270-nm cutoff filter.

The cross-linked cobalt nanoparticle chains were stable
against repeated solvent rinsing. Placing such a dispersion
against a magnet with a field strength of 0.47 T for 10 min al-
lowed essentially the full capture of the particles. This was fol-
lowed by the decantation of CHCl3. The particles or chains were
redispersed in CHCl3 and were subjected to the magnetic decan-
tation rinsing treatment thrice before physical analysis and char-
acterization. The final yield of the polymer-II-coated and PCEMA-
cross-linked dipolar chains was 4.9 mg.

Magnetic Property Measurements. Magnetization curves of Co
nanoparticle samples 1 and 2 were measured at 300 K on a
Quantum Design SQUID magnetometer. The amount used for
the first powder sample was 5.81 mg and that for the second
sample was 4.12 mg. To obtain sample 1, a cobalt particle disper-
sion (1.5 mL in DCB at 16 mg/mL) was placed next to a 0.47-T
magnet for 2 h to capture the Co nanopartricles. The solvent was
removed by a pipet before 5.0 mL of hexane was added. The
solid was vortexed with hexane and the solid was captured once
again by the magnet. The rinsing step was repeated another
time to fully remove DCB. The cobalt particles were then dried
under vacuum for 2 d to yield the solid. Sample 2 solid was ob-
tained by placing a sample 2 solution in CHCl3 next to the mag-
net to capture the solid. The solid was dried under vacuum.

TEM Analyses. Transmission electron microscopy (TEM) images
were obtained using a Hitachi H-7000 instrument operated at
an acceleration voltage of 75 kV. For viewing the Co cores, the
samples were aspirated on carbon-coated copper grids and were
analyzed directly without further staining. To view the polymer
layer, aspirated samples were stained by OsO4 or RuO4 vapor for
30 min before analyses.

X-Ray Diffraction Analysis. Fifty milligrams of Co sample 1 were
mounted as a thin layer on a Si disk. The sample was scanned
with a Philips X’Pert Pro MPD diffractometer fitted with an
X’Celerator high speed strip detector. Co K radiation (Fe fil-
tered) was used. Count time was 40 s at 0.02° 2� increments.
The sample was rotated at 2 s/revolution. The final scan pattern
was converted to that obtained using Cu radiation in the 2�
range of 17°�96°. The average size of the Co nanocrystals was
calculated using the Scherrer equation:52

dX )
Kλ

δ2θ cos θ
(3)

where the wavelength � of X-ray used was � � 0.15418 nm; �2�

was the width of a peak at half-maximum; � was the diffraction
angle, and K was 1.107 for spherical particles.
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