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ABSTRACT: A series of alkyne-functionalized poly(4-
(phenylethynyl)styrene)-block-poly(ethylene oxide)-block-
poly(4-(phenylethynyl)styrene) (PPES-b-PEO-b-PPES) ABA
triblock copolymers was synthesized by reversible addition−
fragmentation chain transfer (RAFT) polymerization.
PESn[Co2(CO)6]x-EO800-PESn[Co2(CO)6]x ABA triblock co-
polymer/cobalt adducts (10−67 wt % PEO) were sub-
sequently prepared by reaction of the alkyne-functionalized
PPES block with Co2(CO)8 and their phase behavior was
studied by TEM. Heating triblock copolymer/cobalt carbonyl
adducts at 120 °C led to cross-linking of the PPES/Co
domains and the formation of magnetic cobalt nanoparticles
within the PPES/Co domains. Magnetic hydrogels could be
prepared by swelling the PEO domains of the cross-linked materials with water. Swelling tests, rheological studies and actuation
tests demonstrated that the water capacity and modulus of the hydrogels were dependent upon the composition of the block
copolymer precursors.

■ INTRODUCTION

Organometallic block copolymers are an interesting category of
materials which combine the valuable properties of both metals
and organic polymers.1−4 Previous work has demonstrated the
value of organometallic block copolymers in a range of
applications, including in self-healing materials,5 for generation
and nanoconfinement of magnetic nanoparticles,6−8 and as
precursors to colloidal particles for drug delivery.9 In previous
publications,8,10,11 we have shown that diblock copolymers with
a polystyrene block and an organometallic block (poly[4-
(phenylethynyl)styrene/cobalt hexacarbonyl]) exhibit phase-
separation and self-assembly behavior similar to that of all-
organic block copolymers.12−16 Moreover, heating of such
diblock copolymer assemblies at a mild temperature (120 °C)
can lead to formation of crystalline cobalt/cobalt oxide
nanoparticles within the organometallic domains.8 Because
the nanoparticle formation temperature is well below the
decomposition temperature of most organic polymers,17 the
nonmetallic block within such block copolymers is likely to
retain its properties after heating and formation of nano-
particles. By designing similar block copolymers in which the
organometallic block is combined with a block other than
polystyrene, it should be possible to prepare a broad range of
materials in which the properties of the cobalt nanoparticles are
combined with those of the organic block. Here we describe the

use of this strategy to prepare poly(ethylene oxide)-based block
copolymers as precursors to magnetically responsive hydrogels.
Hydrogels are three-dimensional polymeric networks that

can absorb large amounts of water or aqueous solutions without
dissolving.18,19 Hydrogels are an important category of soft
materials that have attracted a large amount of research
interest,20 especially when they have been designed to have the
ability to respond to changes in temperature,21−25 pH,26,27

electric fields,28,29 magnetic fields,30−32 and other external
environmental variables. They are an important group of soft
materials and can potentially be used as drug-delivery
vehicles,33−37 fluidic valves,24,38 artificial tissues,39−42 and in
related applications.
Magnetic hydrogels are an important category of hydrogels

since they are sensitive to changes in magnetic fields, and as
such have great potential in biomedical applications, as human
bodies are generally more tolerant of changes in magnetic fields
than changes in temperature, pH, radiation, and other
stimuli.43−47 Most of the reported progress on magnetic
hydrogels has resulted from the incorporation of Fe3O4

magnetic nanoparticles (MNPs) within polymer networks.48

These approaches typically require either functionalization of
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the nanoparticle surface with ligands or covalent bonding
agents to enhance the polymer/MNP compatibility49,50 or the
use of ligand-functionalized polymers to act as stabilizing agents
against aggregation and release of MNPs from the polymer
matrix.31,51 These studies have generally focused on the use of
preformed MNPs that are blended with the polymers that form
the hydrogel.
Polymer/nanoparticle composites have generally been

prepared by one of two methods:1,52,53 either by the blending
of nanoparticles (NPs) into a polymer matrix,54,55 or by the in
situ generation of the NPs from organometallic precursors
within the polymer matrix.7,10,11,56−58 In this study, we describe
a method to prepare magnetic hydrogels with ordered
nanostructures via an in situ approach (Scheme 1), based
upon previous research in our group on the preparation of
cobalt-containing block copolymers in which phase separation
results in localization of the cobalt-rich segments on the
nanometer scale.8,10,11 We have synthesized ABA triblock
copolymers with alkyne-functionalized end blocks and a central
poly(ethylene oxide) (PEO) block that can be reacted with
cobalt carbonyl and subsequently heated to form materials with
cross-linked hydrophobic regions containing cobalt nano-
particles and hydrophilic PEO domains. For the samples
investigated in which the hydrophilic PEO region comprises the
majority of the total polymer matrix, the hydrophobic
organometallic PPES/Co region forms cylinders or spheres.
When these materials are placed in water, the majority PEO
domains swell but the cross-linked hydrophobic cobalt-
containing block domains do not and cobalt-based magnetic
hydrogels result.59−63

■ EXPERIMENTAL SECTION
Materials. Polyethylene glycol (35 kg/mol, Alfa Aesar), dicobalt

octacarbonyl (stabilized with 1−5% hexane, Strem Chemicals), α-
chlorophenylacetyl chloride (CPAC, 90%, Sigma-Aldrich) were used
without purification. Dichloromethane (DCM, HPLC grade, BDH
Chemicals) was stored in a N2-pressurized solvent tank and passed
through a drying column filled with activated alumina prior to use.
Toluene (extra-dry, Acros organics), tetrahydrofuran (THF) (Drisolv-
grade, EMD Millipore) and phenylmagnesium bromide (3 M in ether,
Alfa Aesar) were stored and handled in a nitrogen-filled glovebox
(≤0.1 ppm of O2, ≤0.5 ppm water). Triethylamine (100%, J.T. Baker)
was passed through basic alumina columns before use in water-
sensitive reactions. Carbon disulfide (99.97%, EMD Millipore) was
stored at −25 °C under N2. 4-Phenylethynylstyrene (4-PES) was
synthesized and purified according to literature procedures.64 2,2′-
Azobis(2-methylpropionitrile) (AIBN, Aldrich) was recrystallized from
methanol and stored at −20 °C.

1H NMR Spectroscopy. Unless otherwise specified, 1H NMR
spectra were acquired on a 300 MHz Varian Gemini 2300
spectrometer using CDCl3 as solvent. 1H NMR spectra for purified
ABA triblock copolymers were collected on a 400 MHz NanoBay
Bruker spectrometer with CD2Cl2 as the solvent with the solvent peak
(δ 5.32 ppm) used as reference.

Gel Permeation Chromatography (GPC). GPC data for all
polymers were obtained at 40 °C with THF (HPLC grade, J.T. Baker)
as the eluent at a flow rate of 1.0 mL/min. The apparatus consisted of
a K-501 pump (Knauer), a K-3800 Basic Autosampler (Marathon),
two PLgel 5 μm Mixed-D columns (300 × 7.5 mm, rated for polymers
between 200 and 400 000 g/mol, Polymer Laboratories), and a PL-
ELS 1000 Evaporative Light Scattering Detector (Polymer Labo-
ratories). A PL Datastream unit (Polymer Laboratories) was used to
acquire data, which were analyzed based on a calibration curve
constructed from narrow polydispersity polystyrene standards in the

Scheme 1
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molecular weight range of 580−400 000 g/mol (EasiCal PS-2,
Polymer Laboratories).
Transmission Electron Microscopy (TEM). TEM images of

block copolymers and cobalt carbonyl adducts were obtained on a
JEOL-1400 electron microscope operating at 120 kV. For each sample,
PESn[Co2(CO)6]x-EO800-b-PESn[Co2(CO)6]x was dissolved in chloro-
form at a concentration between 3 and 8 mg/mL (concentrations were
adjusted within this range for different samples to achieve better
imaging contrast). The solution was then drop-cast onto a TEM grid
(400-mesh copper, Ted Pella product #01822) and allowed to dry
through evaporation to form a thin film of the polymer-Co adduct,
before the grids were observed by TEM at 120 kV. After initial TEM
imaging, the same grids were stored at room temperature for 1−2
weeks in a zip-sealable polyethylene bag that had been sealed under
nitrogen, then heated at 120 °C under a vacuum for 24 h. The
resulting nanoparticle-containing samples were stored in sealed glass
vials in a nitrogen-filled glovebox until they were imaged with a JEOL
2100F transmission electron microscope (∼2 months later) to study
the cobalt nanoparticle structure.
Thermogravimetric Analysis (TGA). TGA data were collected

from 25 to 600 °C on a PerkinElmer TGA7 thermogravimetric
analyzer, at a heating rate of 1 °C/min with a nitrogen flow rate of 30
mL/min.
X-ray Diffraction (XRD). X-ray diffraction (XRD) data was

collected using a Rigaku Ultima-IV diffractometer with a Cu Kα (λ =
1.5418 Å) source over a range of 35° ≤ 2Θ ≤ 70° (scanning rate: 0.1
°C/min). XRD samples were prepared from the drop-cast discs
described below in the hydrogel formation section, after the discs were
heated at 120 °C for 24 h, but before they were immersed in water.
Vibrating Sample Magnetometry (VSM). VSM studies were

carried out on a Lake Shore 7410 Vibrating Sample Magnetometer,
under air at 25.2 °C, at magnetic fields from −20 000 Oe to +20 000
Oe. Sample discs (22−55 mg) were prepared by drop-casting solutions
of the polymer-cobalt adduct in CHCl3 (30 mg/mL) into a glass vial
with a 5 mm inner diameter. The vials were left open in a fume hood
for 24 h for the CHCl3 to evaporate, after which the polymer discs
were carefully peeled off from the bottom of the glass vial. The discs
were stored in a N2-filled glovebox for 2 weeks, then heated at 120 °C
for 24 h under a vacuum to form magnetic polymer/nanoparticle
composites. The heated sample discs were sealed under N2 in a glass
vial, and stored at room temperature before magnetism measurements.
Rheology. Rheological studies were performed on an Anton Paar

Physica MCR 301 Rheometer with a 25 mm diameter parallel plate
geometry at 25 °C. The gap between two plates was set to 0.5−1.2
mm, depending upon the sample thickness. Dynamic frequency
sweeps were conducted at 2% strain to determine the storage modulus,
G′, and loss modulus, G″. Hydrogel samples for rheology studies were
prepared by drop-casting a solution of the polymer-cobalt adduct in
CHCl3 (30 mg/mL) into a glass vial with a 25 mm inner diameter.
The vials were left open in a fume hood for 24 h for the CHCl3 to
evaporate, after which the polymer discs were carefully peeled off from
the bottom of the vial (the vial was carefully broken if necessary). The
discs were stored in a N2-filled glovebox for 2 weeks, then heated at
120 °C for 24 h under a vacuum to form cobalt nanoparticles. After
cooling to room temperature for over 12 h, the discs were taken out of
the oven and tested for magnetism with a neodymium magnet. The
dry weights of these heated discs were recorded, and they were then
swelled in water and analyzed on the rheometer.
Synthesis of RAFT CTA Ester Precursor: Chlorophenylacetic

Acid (Poly(ethylene oxide)) Diester (CPA-EO800-CPA Diester).65

In a representative reaction, poly(ethylene oxide) (PEO35k, Mn = 35
kg/mol, 12.26 g, 0.35 mmol) was first dissolved in toluene (300 mL)
in a round-bottom flask equipped with a Dean−Stark condenser and
dried by azeotropic distillation at 140 °C over 8 h, by which time the
toluene solution had gradually been concentrated to 50−100 mL. After
the solution cooled to room temperature, dry dichloromethane
(DCM, 150 mL) was added and the resulting solution was then cooled
down to 0 °C and sparged with N2 for 30 min. Triethylamine (Et3N)
(0.64 g, 6.3 mmol) was then added to the solution dropwise via a
syringe. Subsequently, a solution of CPAC (1.06 g, 5.61 mmol) in dry

DCM (20 mL) was added slowly to the reaction mixture over 30 min
via syringe. The reaction mixture was then heated to reflux under N2 in
a 50 °C oil bath for 48 h. The reaction mixture was allowed to cool,
filtered, and evaporated to dryness. The residue was redissolved in
THF (∼200 mL), filtered to remove crystalline triethylamine
hydrochloride, then concentrated to ∼100 mL. This solution was
then slowly precipitated into diethyl ether (∼1200 mL), filtered, and
dried under a vacuum overnight. The resulting product was
redissolved in THF (200 mL) and reprecipitated into diethyl ether
(1200 mL). CPA-EO800-CPA (11.46 g, 93.5%) was obtained after
drying in a vacuum oven overnight. 1H NMR (CDCl3, 298 K, 300
MHz): δ 3.20−4.10 (br, CH2−CH2−O), 5.40 (s, 2H, CHCl), 7.37−
7.51 (m, 10H, Ar−H).

Synthesis of PEO-Macro Chain Transfer Agent (CTA-EO800-
CTA).65 In a representative reaction, CPA-EO800-CPA (6.02 g, 0.172
mmol) was dissolved in dry benzene (100 mL) and freeze-dried. The
freeze-dried polymer was then redissolved in dry THF (100 mL) and
sparged with N2 for 30 min. To a solution of phenylmagnesium
bromide (0.92 mL of 3 M ether solution, 2.75 mmol) in dry THF (10
mL) at 0 °C in a separate flask, a solution of CS2 (1.04 g, 13.8 mmol)
in dry THF (10 mL) was added slowly. The resulting red solution was
stirred under nitrogen at room temperature for 3 h and then added
slowly to the flask containing the solution of PEO-diester in THF. The
reaction mixture was then heated to reflux under N2 in an 80 °C oil
bath. After 48 h at reflux, the reaction mixture was cooled, filtered, and
precipitated twice into diethyl ether to yield the PEO-macro chain
transfer agent (CTA-EO800-CTA, 5.20 g, 86.4%). 1H NMR (CDCl3,
298 K, 300 MHz): δ 3.20−4.10 (br, CH2−CH2−O), 5.72 (s, 2H,
−S(Ph)CH-CO2Me), 7.37−7.52 (m,16H, Ar-H), 8.00 (d, 4H,
−SC(CH)2).

PPES-b-PEO-b-PPES via RAFT Polymerization. In a representa-
tive RAFT polymerization (synthesis of PES160-EO800-PES160), CTA-
EO800-CTA (0.500 g, 0.0143 mmol), 4-PES (2.00 g, 9.79 mmol),
AIBN (0.0010 g, 6.1 μmol) were added to a Schlenk tube, which was
then transferred to a nitrogen-filled glovebox. The contents of the tube
were dissolved in toluene (5 mL, 2 mL/g of reactant). The reaction
mixture was then removed from the glovebox and connected to a N2
line. The Schlenk tube was heated to 90 °C for 146 h, at which time
the conversion had reached 47% (calculated by NMR integration).
The PPES-b-PEO-b-PPES ABA triblock copolymer was isolated by
precipitating twice into cold diethyl ether, centrifuging, then drying in
a vacuum oven at room temperature (1.28 g, 89% corrected for 47%
conversion). 1H NMR (CD2Cl2, 298 K, 400 MHz): δ 1.10−2.40 (br,
CH2CHPhCCPh), 3.30−3.90 (br, CH2−CH2−O), 6.20−
7.80 (br, Ar-H of PhCCPh). Total Mn,NMR = 100 400 g/mol,
SEC: Mn,SEC = 22 700 g/mol, Đ = 1.7.

Preparation of PESn[Co2(CO)6]x-EO800-PESn[Co2(CO)6]x. Taking
PES61[Co2(CO)6]52-EO800-PES61[Co2(CO)6]52 as a representative
sample: In a nitrogen-filled glovebox, PES61-EO800-PES61 (359.3 mg,
6.00 μmol, 732 μmol PES units) was dissolved in 10 mL THF (10
mL) and then Co2(CO)8 (500 mg, 1.46 mmol, 2 molar equiv relative
to PES units) was added into the polymer solution. The mixture was
stirred for 48 h at room temperature. The solution was then filtered
through glass wool, and precipitated twice into a 10-fold excess of
hexanes. The polymer-Co adduct was isolated as a brown-black
powder by centrifugation (0.5491 g, 96.6%). 1H NMR (CD2Cl2, 298
K, 400 MHz): δ 0.60−2.50 (br, CH2CHPhCCPh), 2.80−
4.40 (br, CH2−CH2−O), 6.30−8.00 (br, Ar-H of C6H4CC
Ph). 13C NMR (CDCl3, 298 K, 400 MHz): δ 35−45 (br, CH2CH);
70.6 (CH2−CH2−O); 91.8 (ArCCPh); 127−129, 136.0, 138.3,
144.5 (Ar); 199.1 (CoCO).

Formation of Hydrogels from Triblock Copolymers. Each
sample was dissolved in CHCl3 at a concentration of 30 mg/mL. A
small portion (∼1 mL) of this solution was filtered with glass wool and
then added into molds of specific shapes (cylindrical glass vials with 24
mm inner diameter to form discs or custom-made stainless steel molds
with Kapton film on the bottom to form dumbbell, bar and other
shapes) by pipet. After ∼20 min in a fume hood, the chloroform had
evaporated to leave a thin film at the bottom of the molds. This
addition and evaporation procedure was repeated ∼20 times, until the
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thickness of the film had increased to approximately 0.5−1 mm (the
total casting time was approximately 24 h; as the disc thickness
increased it was necessary to allow the sample to dry for a longer
period of time between addition steps). The resulting samples were
allowed to dry further under flowing air in a fume hood for 24 h after
the final addition step, then they were removed from the bottom of the
molds and stored under N2 in 20 mL sealed vials at room temperature.
After approximately 2 weeks, the samples were heated at 120 °C for 24
h under vacuum in a vacuum oven to form the cobalt-polymer
composites. Magnetic hydrogels were prepared by immersing the
heated composites in water. The samples were periodically removed
from the water bath, quickly wiped with absorbent paper to remove
surface water, and weighed. This process was repeated until no further
weight increase was observed (∼14 h).

■ RESULTS AND DISCUSSION
Preparation of Amphiphilic ABA Triblock Copolymers

and Cobalt Addition. A series of ABA triblock copolymers
was grown from CTA-EO800-CTA by RAFT polymerization
(Scheme 2, Table 1, Table S1). Because the ultimate goal of
this work was the preparation of hydrogels containing cobalt
nanoparticles, a relatively high molecular weight PEO block
(Mn ≈ 35 kg/mol) was used as a constant center block, and the
alkyne-functionalized PPES block lengths were varied (n from
19 to 374) to enable coverage of a range of morphologies after
addition of cobalt carbonyl.
Reaction of PESn-EO800-PESn Copolymers with Cobalt

Carbonyl. The PESn-EO800-PESn triblock copolymers were
treated with Co2(CO)8 to selectively incorporate Co2(CO)6 in
the alkyne-functionalized PPES blocks (Table 2). Slightly more
than two molar equivalents of Co2(CO)8 were used in the
reaction to maximize the extent of functionalization of the
alkyne groups. 1H NMR spectra of polymer/Co2(CO)6 adducts
showed slight peak broadening but no apparent change in peak
areas when compared with 1H NMR spectra of the
corresponding triblock copolymers (Figure S8). Our previous
studies of PS−PPES block copolymers found that ∼90% of the
PPES units could be readily reacted with cobalt carbonyl with
minimal decomposition of cobalt carbonyl moieties in 1 h in
refluxing toluene.10,11 Similar reactions carried out at room
temperature have also been reported to be successful with

similarly high degrees of functionalization.66−68 TGA measure-
ments on the PESn[Co2(CO)6]x-EO800-PESn[Co2(CO)6]x
adducts isolated after 48 h at room temperature (Figure S10)
confirmed for each sample that 80−90% of alkyne groups had
reacted with Co2(CO)8 (Table S2).10,66

TEM Studies of PESn[Co2(CO)6]x-EO800-PESn[Co2(CO)6]x.
Block copolymer/cobalt adducts were dissolved in CHCl3 (3−8
mg/mL) and cast onto carbon-coated copper grids for analysis
by TEM (Table 2). For the sample with the highest PEO
content (PES/Co)19-EO800-(PES/Co)19, 67.3 wt % PEO), the
PPES/Co domains were observed to form spherical micelles
within the majority PEO matrix, as evidenced by TEM (Figures
1a, S11) and TEM tomography (Video S1).
As the PEO content was reduced to 47 wt % (PES/Co)42-

EO800-(PES/Co)42, the PPES/Co block formed a minority
cylindrical domain with an average width of ∼12 nm (Figure
1b, Figure S12 and S13), as estimated by measuring widths of

Scheme 2

Table 1. Characteristics of PESn-EO800-PESn Triblock
Copolymers Prepared by RAFT Polymerizationa

sample
Mn of each PPES block

(kg/mol)b
total Mn
(kg/mol)c Đd

PES19-EO800-
PES19

3.9 42.8 1.30

PES42-EO800-
PES42

8.6 52.2 1.48

PES61-EO800-
PES61

12.4 59.8 1.39

PES65-EO800-
PES65

13.3 61.6 1.49

PES160-EO800-
PES160

32.7 100.4 1.56

PES374-EO800-
PES374

76.4 187.8 1.75

aAll polymerizations were carried out from CTA-EO800-CTA with Mn
= 35 kg/mol, in toluene at an overall reactant concentration of 0.5 g/
mL at 90 °C. bCalculated from 1H NMR of the purified block
copolymer. cOverall Mn of the purified block copolymer, calculated
from 1H NMR; the Mn of central PEO block is 35 kg/mol for all
samples. dĐ was estimated by size exclusion chromatography (SEC)
against polystyrene standards.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.6b01271
J. Am. Chem. Soc. 2016, 138, 4616−4625

4619

http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01271/suppl_file/ja6b01271_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01271/suppl_file/ja6b01271_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01271/suppl_file/ja6b01271_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01271/suppl_file/ja6b01271_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01271/suppl_file/ja6b01271_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01271/suppl_file/ja6b01271_si_002.avi
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01271/suppl_file/ja6b01271_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b01271


cylinders at 250 different locations in TEM images (Figure
S13). Cylindrical morphologies with larger domain spacings
(∼15 nm, Figure S12 and S13) were observed for samples

(PES/Co)61-EO800-(PES/Co)61 (39.0 wt % PEO, Figures 1c
and S14) and (PES/Co)65-EO800-(PES/Co)65 (37.9 wt % PEO,
Figures 1d and S15), which have close to identical
compositions. The increase in cylinder width observed as the
size of the PPES/Co block is increased (Figure S13c), indicates
that domain size can be tuned by changing the polymer
composition.
When the PES/Co block degree of polymerization (DP) is

further increased, as in sample (PES/Co)160-EO800-(PES/
Co)160 (19.7 wt % PEO), the morphology shifts to minority
PEO cylinders within a PPES/Co matrix (Figure 1e). The
different lengths of PEO cylinders can be attributed to different
cylinder orientations relative to the plane of the TEM grid.
TEM images of sample (PES/Co)374-EO800-(PES/Co)374,
which has the highest PPES/Co content of all of the polymers
examined (9.6 wt % PEO), show the PEO block forms smaller
isolated domains that appear to be spheres or short cylinders
embedded within the continuous PPES/Co matrix (Figures 1f
and S16). This series of morphologies, from PPES/Co-minority
spherical micelles to PEO-minority cylinders, shows the
capability for manipulating polymer−metallic precursor struc-
ture at nanometer scale.

Thermolys is of PES n [Co2 (CO)6 ] x -b -EO800 -b -
PESn[Co2(CO)6]x Composites. Heating of cobalt carbonyl
precursors within a polymer or block copolymer matrix at
moderate temperatures (90−200 °C) has previously been
reported to result in decomposition of cobalt carbonyl
complexes69,70 and generation of cobalt nanoparticles.7,57,71

With PPES-b-polystyrene block copolymers, the formation of
cobalt nanoparticles has been observed to be restricted to the
PPES regions.8 Initial attempts at heating freshly prepared
PESn[Co2(CO)6]x-EO800-PESn[Co2(CO)6]x samples at 120 °C
for 24 h under a vacuum resulted in disruption of the initial
morphologies, as evidenced by TEM (Figure S17).
In subsequent studies, we found that PESn[Co2(CO)6]x-

EO800-PESn[Co2(CO)6]x samples that were aged under nitro-
gen at room temperature for 1−2 weeks or longer could
afterward be heated at 120 °C under a vacuum for 24 h without
significant disruption of the initial morphology (Figure 2).
While freshly prepared PESn[Co2(CO)6]x-b-EO800-b-
PESn[Co2(CO)6]x samples are soluble in common organic
solvents (including CHCl3, toluene, THF, and DMF), samples
that have been aged at room temperature for 1−2 weeks or
longer invariably become insoluble in the same solvents,
indicating that the PPES/Co domains have become cross-
linked.34,36 Oxidative decomposition of the alkyne/dicobalt
hexacarbonyl moieties might also occur to a very small extent
during the drop-casting and drying procedure,72 as evidenced
by the broadening of 1H NMR peaks consistent with the
formation of paramagnetic Co(II) species,73,74 observed for the
cobalt-complexed polymers (Figure S8) as compared to the
corresponding uncomplexed triblock copolymers (Figure S3).
Moreover, cobalt carbonyl-alkyne complexes can undergo a
variety of addition or cyclization reactions to produce
structures, including cyclopentadienones, quinones, aromatic
rings, and polymers that, were they to occur in an
intermolecular fashion, would lead to cross-linking of the
PPES/(Co2(CO)6 domains.75−77 While the exact mechanism
for cross-linking is not yet known, it occurs to a sufficient extent
to preserve block copolymer morphology upon subsequent
thermolytic formation of cobalt nanoparticles.

Formation of Nanoparticles after Heating. After
heating at 120 °C for 24 h, polymer/Co composites were

Table 2. Compositions and Assigned Morphologies for
PESn[Co2(CO)6]x-EO800-PESn[Co2(CO)6]x Block
Copolymers

sample
composition after cobalt

attachmenta
wt %
PEO morphologyb

(PES/Co)19-EO800-
(PES/Co)19

PES19[Co2(CO)6]16-EO800-
PES19[Co2(CO)6]16

67 Spherical
(PEO-major)

(PES/Co)42-EO800-
(PES/Co)42

PES42[Co2(CO)6]37-EO800-
PES42[Co2(CO)6]37

48 Cylindrical
(PEO-major)

(PES/Co)61-EO800-
(PES/Co)61

PES61[Co2(CO)6]52-EO800-
PES61[Co2(CO)6]52

39 Cylindrical
(PEO-major)

(PES/Co)65-EO800-
(PES/Co)65

PES65[Co2(CO)6]54-EO800-
PES65[Co2(CO)6]54

38 Cylindrical
(PEO-major)

(PES/Co)160-
EO800-(PES/
Co)160

PES160[Co2(CO)6]137-EO800-
PES160[Co2(CO)6]137

20 Cylindrical
(PEO-
minor)

(PES/Co)374-
EO800-(PES/
Co)374

PES374[Co2(CO)6]309-EO800-
PES374[Co2(CO)6]309

10 Cylindrical
(PEO-
minor)

aExtent of cobalt carbonyl attachment calculated by TGA, as shown in
Table S2 and Figure S10. bMorphologies were assigned by TEM.

Figure 1. TEM images (20 000×) of thin films of PESn[Co2(CO)6]x-
EO800-PESn[Co2(CO)6]x triblock copolymers: (a) (PES/Co)19-EO800-
(PES/Co)19; (b) (PES/Co)42-EO800-(PES/Co)42; (c) (PES/Co)61-
EO800-(PES/Co)61; (d) (PES/Co)65-EO800-(PES/Co)65; (e) (PES/
Co)160-EO800-(PES/Co)160; (f) (PES/Co)374-EO800-(PES/Co)374.
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examined by TEM at higher magnification (80 000× and
1 000 000×) to investigate nanoparticle structure. For sample
(PES/Co)19-EO800-(PES/Co)19 after heating, the PPES/Co
domains contained irregularly shaped crystalline nanoparticles
(diameters between 10 and 15 nm) (Figure 3). The observed
irregularity in particle shapes can be attributed to dynamic

coalescence of several smaller nanoparticles.78,79 Fast Fourier
Transform (FFT) of the TEM image (Figure 3b, inset)
suggested interplanar d spacings consistent with several
crystalline cobalt and cobalt oxide species at 0.21 nm [Co
(100), d = 0.216 nm; CoO (200), d = 0.213 nm], 0.15 nm [Co
(102), d = 0.148 nm; CoO (220), d = 0.151 nm], and 0.18 nm
[Co3O4 (331), d = 0.184 nm].80−82

Nanoparticle formation within (PES/Co)65-EO800-(PES/
Co)65, which forms a cylindrical morphology, was also
investigated (Figure 4). The localization of crystalline cobalt-

based nanoparticles (diameters from 2 to 5 nm) to the
cylindrical PPES/Co domains of the composite is evident at
150 000× magnification (Figure 4a). The interplanar spacing of
the crystalline nanoparticles calculated by FFT suggests the
existence of CoO (measured d = 0.15 nm, CoO d220 = 0.151
nm) and Co (measured d = 0.22 nm, Co d100 = 0.216 nm)
crystalline domains (Figure 4b, inset).80,82 For samples with
other morphologies ((PES/Co)61-EO800-(PES/Co)61; (PES/
Co)160-EO800-(PES/Co)160 and (PES/Co)374-EO800-(PES/
Co)374) the formation of nanoparticles with similar sizes inside
the PPES/Co domains was also observed by TEM (Figures
S19−S22). A small number of larger nanoparticles can also
generally be observed for all heated samples (Figures 2, 3, and
S20), suggesting a relatively wide size distribution of the
nanoparticles formed by thermolysis, which is in agreement
with previous publications.8,57,71,83

X-ray Diffraction (XRD) Studies. A sample of the cylinder-
forming composite (PES/Co)65-EO800-(PES/Co)65 that had
been heated under a vacuum at 120 °C for 24 h was examined
by XRD to further investigate nanoparticle composition. The
XRD pattern (Figure 5) confirmed the existence of Co (PDF#

Figure 2. TEM images (30 000×) of thin films of polymer/Co
composites aged under N2 for 2 weeks and then heated at 120 °C for
24 h: (a) (PES/Co)19-EO800-(PES/Co)19; (b) (PES/Co)42-EO800-
(PES/Co)42; (c) (PES/Co)61-EO800-(PES/Co)61; (d) (PES/Co)65-
EO800-(PES/Co)65; (e) (PES/Co)160-EO800-(PES/Co)160; (f) (PES/
Co)374-EO800-(PES/Co)374.

Figure 3. TEM images of heated sample (PES/Co)19-EO800-(PES/
Co)19. (a) 80 000× magnification; (b) 1 000 000× magnification. Inset
of b: FFT of image b.

Figure 4. TEM images of heated sample (PES/Co)65-EO800-(PES/
Co)65. (a) 150 000× (dashed yellow lines are drawn to delineate
cylindrical regions where nanoparticles are present); (b) 800 000×
magnification of region inside yellow square in (a). Inset of b: Fast
Fourier transform (FFT) of image b.

Figure 5. XRD pattern of sample (PES/Co)65-EO800-(PES/Co)65 after
being heated at 120 °C for 24 h.
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97−005−2934) and Co3O4 (PDF# 97−006−9369) domains.
The presence of Co3O4 can be attributed to partial oxidation
during thermolysis and sample storage, which has also been
reported for other Co NPs prepared via thermolysis.8,84,85

Magnetism Studies. Vibrating sample magnetometry
(VSM) was used to measure the magnetic properties of the
bulk heated samples (Figure S23 and Table S3). The hysteresis
loops of all samples showed nonzero remanence (BR) and
coercivity (Hc) values at 25.2 °C, suggesting that the bulk
materials are ferromagnetic (Figure S23 and Table S3).
Although TEM images show that there are many nanoparticles
in the heated composite which fall below the 5 nm critical
superparamagnetism threshold size for cobalt (Figure 4, Figure
S19−S22),7,86,87 the existence of nanoparticles (Figures 2, 3,
and S20) exceeding the critical threshold size could cause the
overall sample to be ferromagnetic. The saturation magnet-
ization shows a roughly decreasing trend as the Mn of the
PPES/Co block increases (Ms values drop from ∼38 to ∼5
emu/g Co), as does the remanence (Mr drops from ∼8 to <1
emu/g Co), which is indicative of increasing nanoparticle
concentration (Table S3). A number of important factors
influencing the magnetic properties of nanoparticles have been
identified, including nanoparticle size, concentration, inter-
particle distance, and saturation magnetization.88 It has also
been shown that when the concentration of nanoparticles
reaches a critical level, the decrease in interparticle distance can
result in an increase in dipolar interactions, which results in an
increase in coercivity.6,89 With cobalt nanoparticles, magnetic
properties are also known to be highly dependent upon the
extent of surface oxidation that has occurred.88−96 Co3O4
nanoparticles have been reported to be paramagnetic at the
measurement temperature (25.2 °C),92,93,95,96 while CoO
nanoparticles with diameters below 10 nm have been reported
to be superparamagnetic,90,91,97,98 and the formation of cobalt
oxides reduces overall magnetic response. Upon the basis of the
VSM data collected, the composites can be concluded to be
ferromagnetic with the degree of ferromagnetism dependent
not only on composite structure but also degree of oxidation.
Further careful study will be necessary to tease out structure−
property relationships for these materials and to understand
how oxidation effects these relationships.
Swelling of the Heated Polymer-Cobalt Composites

and Formation of Hydrogels. After heating, polymer/cobalt
sample discs were immersed in water until equilibrium was
reached (∼14 h), as evidenced by the periodic weighing of
samples (Table 3). For the PEO-minority sample (PES/Co)160-
EO800-(PES/Co)160, the disc lost integrity upon exposure to

water (Figure S24), and for (PES/Co)374-EO800-(PES/Co)374,
the sample did not absorb water in the time frame studied,
suggesting that the hydrophilic domains were mainly embedded
within the disc. Only samples with a PEO-majority morphology
were observed to swell in water (Figure S25).
As the relative amount of PEO in the polymer is decreased,

the amount of water in the hydrogel at equilibrium is also
decreased, as has been reported for PS-PEO-PS systems.59 The
sample with the spherical morphology and the highest PEO
content, (PES/Co)19-EO800-(PES/Co)19, had the highest
saturated water content of 70 wt %, while sample (PES/
Co)42-EO800-(PES/Co)42 showed a lower saturated water
content of 50 wt % (Table 3). At even lower levels of PEO
content, samples (PES/Co)61-EO800-(PES/Co)61 and (PES/
Co)65-EO800-(PES/Co)65 had still lower maximum water
contents (37 and 33 wt %).

Rheological Studies. After the hydrogels were swollen to
equilibrium water content, the storage and loss modulus of the
hydrogels were studied as a function of angular frequency
(Figure 6). For each hydrogel sample, G′ and G″ are both
nearly independent of frequency over the measurable frequency
range, and G′ is greater than G″ at all frequencies tested. This
behavior is characteristic of elastic hydrogels.31,49,59 The
measured value of G′ (∼104 Pa) for the hydrogel prepared
from (PES/Co)19-EO800-(PES/Co)19, which shows a spherical
morphology, is within the reported range of G′ values reported
for other hydrogel systems with spherical hydrophobic
domains, including polystyrene-block-PEO-block-polystyrene
and other ABA triblock copolymer hydrogels as well as
hydrogels prepared by the related “tethered micelle”
strategy.59,61,63 As the molecular weight of the PPES block
and the average hydrophobic domain size increased, the storage
modulus increased from 1 × 104 Pa to 8 × 105 Pa and the loss
modulus increased from 5 × 102 Pa to 4 × 105 Pa. The increase
in G′ with increasing size of the hydrophobic domain is to be
expected, and is typically indicative of a higher degree of cross-
linking and a greater degree of polymer chain entangle-
ment.61,99,100 Classical theories of elastic networks101 predict
that the elastic modulus is proportional to the density of
network junction points (e.g., cross-links or entanglement
points), and the decrease in water content with increasing
length of the hydrophobic block will lead to an increase in
cross-link density and number density of entanglement points.
However, even accounting for this, the dependence of G′ on
the length of the hydrophobic block is quite dramatic. For these
systems, a roughly 3.5-fold increase in the size of the
hydrophobic domain results in an increase in G′ of nearly 2
orders of magnitude (Figure 6). Another interesting feature of
the hydrogels is that G″ also increases with increasing length of
the hydrophobic block, and its value begins to approach the
value of G′ for the (PES/Co)65-EO800-(PES/Co)65 hydrogel.
Thus, even though all systems behave as elastic gels, the
hydrogels with longer hydrophobic domains have significant
viscous contributions to their rheological behavior. This
behavior is somewhat unexpected for polymer gels, but may
be due to the change in morphology from spherical to
cylindrical as the hydrophobic block length is increased.
Relaxation of the cylindrical domains could serve as a
mechanism for stress relaxation in these gels, contributing to
a higher value of G″ for these hydrogels.

Actuation Test. A dumbbell-shaped bar (3.8 cm in length,
∼ 2 mm in thickness, Figure S26) cast from a solution of (PES/
Co)19-EO800-(PES/Co)19 was subsequently heated at 120 °C

Table 3. Swelling Behavior of the Hydrogel Samples

polymer/Co
heated samples

dry
weight
(g)

swollen
weight

(14 h), g

swollen
weight

(22 h), g
maximum
water wt %

(PES/Co)19-
EO800-(PES/
Co)19

0.2850 0.9425 0.9407 70

(PES/Co)42-
EO800-(PES/
Co)42

0.1890 0.3760 0.3773 50

(PES/Co)61-
EO800-(PES/
Co)61

0.3040 0.4816 0.4832 37

(PES/Co)65-
EO800-(PES/
Co)65

0.4643 0.6920 0.6937 33
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for 24 h, allowed to cool, and swollen in water. The length of
the hydrogel bar increased to ∼6.5 cm after reaching
equilibrium water saturation. The resulting gel was flexible
but when held at one end by tweezers was stiff enough to resist
bending under the effects of gravity (Figure 7). A standard
laboratory neodymium magnet could be used to pull the free
end of the gel up or down, illustrating the potential use of these
materials as magnetically controlled actuators (Figure 7, Video
S2). Other swollen hydrogel samples ((PES/Co)42-EO800-
(PES/Co)42; (PES/Co)61-EO800-(PES/Co)61; (PES/Co)65-
EO800-(PES/Co)65) were also magnetic (Video S3 and S4),
but were not soft enough to be bent by the magnet. The
observed increase in stiffness at higher PPES/Co contents and
lower water contents is consistent with the increases in
modulus observed by rheology as PPES/Co content increases
(Figure 6).99,100 The magnetic response of these samples was
retained for more than three months while sealed in distilled
water taken directly from the tap (Video S4), but upon removal
from water and exposure to air, the swollen hydrogels lost their
magnetic response within ∼48 h.

■ CONCLUSIONS
We have synthesized a series of symmetric PESn[Co2(CO)6]x-
EO800-PESx[Co2(CO)6]x ABA triblock copolymers. Their
phase-separation behavior was studied by TEM, and can be
controlled by adjusting the relative sizes of the blocks, as has
been observed for other block copolymer systems. Aging of
these ABA triblock copolymers for ∼2 weeks at room
temperature results in cross-linking of the hydrophobic PPES
domains, which leads to preservation of the morphologies upon
thermolytic formation of Co/CoO/Co3O4 nanoparticles within
the PPES/Co domains of the bulk copolymer. The PEO
regions are able to absorb water to produce elastic, magnetic
hydrogels. Their nanostructures, mechanical properties (stiff-
ness and elasticity), and saturated water content can all be
adjusted by changing the ABA triblock copolymer composition.
Preparation of other transition metal nanoclusters, such as Fe,
Ni and their alloys, should be possible by similar methods.57

This general approach to magnetic hydrogels provides a new
and complementary approach to previously reported methods
for preparation of magnetic hydrogels.31,102,103
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Figure 7. Bending of a hydrogel bar (length ∼6.5 cm, 71.5 wt % water) of sample (PES/Co)19-EO800-(PES/Co)19 by a neodymium magnet.
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