Colloidal Polymers from Dipolar
Assembly of Cobalt-Tipped CdSe@CdS

Nanorods

Lawrence J. Hill," Nathaniel E. Richey,” Younghun Sung,* Philip T. Dirlam," Jared J. Griebel,"
Eli Lavoie-Higgins," In-Bo Shim, Nicola Pinna,* Marc-Georg WiIIinger,H Walter Vogel,"
Jason J. Benkoski,® Kookheon Char,** and Jeffrey Pyun***

*Department of Chemistry and Biochemistry, University of Arizona, 1306 East University Boulevard, Tucson, Arizona 85721, United States, *World Class University
Program for Chemical Convergence for Energy and Environment, The National Creative Research Initiative Center for Intelligent Hybrids, School of Chemical and
Biological Engineering, Seoul National University, Seoul 151-744, Korea, SDepartment of Nano and Electronic Physics, Kookmin University, Seoul, 136-702, Korea,
Linstitut fiir Chemie, Humboldt-Universitat zu Berlin, Brook-Taylor-StraBe 2, 12489 Berlin, Germany, ! Department of Inorganic Chemistry, Fritz Haber Institute of
the Max Planck Society, 14195 Berlin, Germany, ¥ Department of Chemistry, National Central University, Jhongli 32001, Taiwan, and “Milton S. Eisenhower

Research Center, The Johns Hopkins University Applied Physics Laboratory, Laurel, Maryland 20723, United States

ABSTRACT The synthesis of a modular colloidal polymer system

based on the dipolar assembly of CdSe@CdS nanorods functionalized \ |

with a single cobalt nanoparticle “tip” (CONP-tip) is reported. These
heterostructured nanorods spontaneously self-assembled via mag-
netic dipolar associations of the cobalt domains. In these assemblies,
(dSe@CdS nanorods were carried as densely grafted side chain

groups along the dipolar NP chain to form bottlebrush-type colloidal
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polymers. Nanorod side chains strongly affected the conformation of
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individual colloidal polymer bottlebrush chains and the morphology of thin films. Dipolar CoNP-tipped nanorods were then used as “colloidal monomers” to

form mesoscopic assemblies reminiscent of traditional copolymers possessing segmented and statistical compositions. Investigation of the phase behavior

of colloidal polymer blends revealed the formation of mesoscopic phase separated morphologies from segmented colloidal copolymers. These studies

demonstrated the ability to control colloidal polymer composition and morphology in a manner observed for classical polymer systems by synthetic control

of heterostructured nanorod structure and haressing interparticle dipolar associations.
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ferromagnetic nanoparticles

he use of well-defined inorganic nano-

crystals as reagents for the construc-

tion of novel colloidal compounds
or assemblies is an emerging approach for
the preparation of complex mesoscopic
materials."? Controlled large-scale assembly
of disparate nanoparticles (NPs) into pre-
cisely organized forms is inherently challen-
ging due to thermodynamically driven phase
separation of NPs of different size and
composition.>* However, a number of recent
systems have demonstrated that controlled
processing, or precise conjugation of differ-
ent NPs, enabled the preparation of syner-
gistic hybrid nanocomposites. Seminal work
by Murray et al. has demonstrated the
concept of using colloidal nanoparticles
as “artificial atoms” via the coassembly of
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disparate nanoparticles into nanocrystalline
superlattices.”~” Similarly, the preparation of
“artificial molecules” has been investigated
by the chemical conjugation of two or more
discrete nanoparticles into heterodimeric nano-
materials.2~'® A wide variety of synthetic
routes to complex heterostructures have
been reported that incorporate metal NPs
and semiconductor nanorod components
for fundamental studies of charge transfer
as a function of heterostructure composition
and morphology.'*23

The use of nanoparticles as “colloidal
monomers” for the synthesis of one-
dimensional (1-D) mesostructures has re-
ceived attention toward the formation of
“colloidal polymers”.>*?> The seminal work of
Kotov et al. demonstrated the polymerization
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of cadmium telluride (CdTe) quantum dots into ex-
tended, continuous CdTe nanowires via electrostatic
dipolar assembly of colloidal monomers.?*?” The po-
lymerization of both gold NPs and nanorods (AuNRs)
has been reported to form a variety of colloidal
(co)polymers.?2 > Colloidal polymerization of dipolar
magnetic nanoparticles has also been extensively
investigated using ferromagnetic metal colloids (e.g.,
Fe, Co, Ni) where the magnetic spin dipole intrinsically
embedded in certain ferromagnetic dipolar NPs
allowed for strong, directional associations to form
colloidal polymers.>”~7¢ We have previously studied
the synthesis and assembly of dipolar CoNPs and
core@shell Au@CoNPs to form magnetic colloidal
polymers and cobalt oxide nanomaterials.”® Similarly,
reports by numerous groups, notably Gast, Bibette, and
Pine et al., have demonstrated the formation of com-
plex microscopic chains via assembly of micrometer
sized magnetic beads.”” 8" However, the synthesis of
complex and multifunctional magnetic dipolar NPs
as colloidal monomers has not been as extensively
investigated and remains an open avenue for materials
chemistry.

While the control of macromolecular structure and
architecture has been achieved by controlled and
living polymerization methods in classical polymer
science,®? methods to control fundamental structural
features, such as chain length, composition, and archi-
tecture, are still being developed for NP-based colloi-
dal polymer systems. Applying these “principles of
polymerization” to the assembly of NP monomers into
colloidal polymers offers a new route to inorganic and
nanocomposite materials that cannot be achieved
using current nanocrystal synthetic methods.®> Chen
et al. demonstrated that Au colloidal monomers ex-
hibited “unconventional” chain growth features to
control both chain length and aggregation motifs
of AuNPs into linear chains or clusters of chains.®®
Mechanistic and kinetic studies on the polymerization
of AuNR monomers by the tracking of plasmon reso-
nance absorbances enabled precise monitoring of
colloidal monomer conversion and fitting of these
kinetics to classical step-growth polymerization
models®* 8 A recent example of controlling the
degree of polymerization in colloidal polymers was
also demonstrated by Kumacheva et al., where hetero-
dimeric Au—Fe,O, NPs were used as chain-terminating
agents to end-cap growing chains of AuNR colloidal
polymers.®” The application of these new concepts to
dipolar magnetic NPs to form colloidal polymers are
inherently challenging due to the fast polymerization
kinetics of these colloidal monomers and the absence
of spectroscopic probes to monitor colloidal monomer
conversion.

Herein, we report on the fundamental aspects of the
self-assembly and dipolar copolymerization of a novel
class of dipolar colloidal monomers with pendant
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Scheme 1. Synthesis of dipolar colloidal monomers from
heterostructured nanorods.”

CdSe@CdS Pt-activated CoNP-tipped
nanorods nanorods nanorods
Pt(acac);, OLAC Co,(CO)s
OLAM, HDD PS-COOH
phenyl ether TCB
225°C 160 °C
' 0.5 minutes ' 15 minutes

9 CdSe@CdS nanorods were modified by a brief Pt-activation
reaction which preferentially activated these nanorods to-
wards cobalt deposition at the sulfur-rich nanorod terminus
with minimal deposition of Pt onto the nanorod. Dipolar
CoNP-tips were then deposited onto these activated
CdSe@CdS nanorods at primarily one terminus per nanorod
(matchstick morphology), and the CoNP-tips spontaneously
assembled into chains due to magnetic interactions. Abbre-
viations: OLAC = oleic acid; OLAM = oleylamine; HDD =
1,2-hexadecanediol; PS-COOH = carboxylic acid terminated
polystyrene® (M, = 8600 g/mol; PDI = 1.07); TCB = 1,2,4-
trichlorobenzene. Ligands are omitted for clarity.

semiconductor nanorods. Heterostructured nanorods
based on a cadmium selenide seeded cadmium sulfide
(CdSe@CdS) nanorod conjugated to a single dipolar,
ferromagnetic cobalt nanoparticle “tip” were chosen
due to the synthetic tunability of the semiconductor
nanorod inclusion (Scheme 1).887%* Seminal work by
Banin and Cozzoli elegantly demonstrated the synthe-
sis of CoNP-tipped semiconductor nanorods which
were not designed for colloidal polymerization, since
nondipolar CoNPs were used as tips for these
nanorods.®*% By comparison, the colloidal monomers
described in this report spontaneously self-assemble
into linear colloidal polymer architectures through
dipolar coupling of the CoNP-tips. The resulting colloi-
dal polymers are composed of CoNP units in the
backbone and CdSe@CdS nanorods carried as side
chain groups to form a mesoscopic analogue of a
bottlebrush polymer,®® or “colloidal bottlebrush poly-
mers”. Variation of the nanorod length in the CoNP-
tipped CdSe@CdS nanorod enabled, for the first time,
systematic study of dipolar (co)polymerization pro-
cesses via “grafting through” approaches to form
colloidal bottlebrush polymers. By either blending of
disparate colloidal monomers or in situ deposition of
dipolar CoNP-tips onto nanorods of varying length,
homopolymers, segmented block-type, and statistical
copolymer compositions were obtained. Furthermore,
due to the strong dipolar associations between dipolar
CoNPs in colloidal polymers, the phase behavior of
blends of “bare” CoNP colloidal polymers with CoNP-
tipped nanorod colloidal bottlebrush polymers demon-
strated that these mesoscopic polymers exhibited phase
behavior reminiscent of classical polymer systems.

RESULTS AND DISCUSSION

Preparation of Dipolar CoNP-Tipped (dSe@CdS Nanorods.
Dipolar cobalt-tipped CdSe@CdS nanorods were
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Figure 1. TEM images: (a) CoNP-tipped CdSe@CdS nano-
rods (Lnanorod = 66.0 £ 5.5 nm, Dpanorod = 5.3 = 0.6 nm;
Dconp-tip = 20 £ 4 nm); (b) CoNP-tipped CdSe@CdS nano-
rods (Lnanorod = 124.0 &= 28.2 nm, Dpanorod = 5.4 £+ 0.7 nm;
Dconp-tip = 22 = 3 nm); (c) CoNP-tipped CdSe@CdS nano-
rods (Lnanorod = 150.1 = 15.9 nm, Dyanorod = 5.7 £ 0.9 nm;
Dconp-tip =22 &= 4 nm); (d) cobalt nanoparticles (Dconp = 24 &=
5 nm) synthesized under similar conditions, without nano-
rod seeds. A minimum of 100 particles were analyzed to
obtain each size distribution. Scale bars are 100 nm.

synthesized in four steps from commercially available
reagents. CdSe quantum dots (diameter (D) =
2.7—3.2 nm) and CdSe@CdS nanorods (length (L) =
53.1—-150.1 nm; diameter (D) = 5—6 nm) were synthe-
sized as previously reported®” on the basis of the work
of Manna et al.?® In the key step of the synthesis, the
Pt-deposition conditions reported by Mokari and co-
workers® to activate CdSe@CdS nanorods were mod-
ified to enhance specificity for deposition of a single,
dipolar CONP-tip (Dconp.ip = 24 nm =& 5 nm, Scheme 1).”/
A series of “matchstick” dipolar CoNP-tipped nanorods
were then prepared with systematic variation of
CdSe@CdS nanorod length using our established condi-
tions to grow ferromagnetic CoNPs (Figure 1).5355%9
Using this synthetic method, Pt-activated CdSe@CdS
nanorods were tipped with a single ferromagnetic CoNP
with a small percentage (10 mol %) of free CoNPs
(without nanorods) formed in the reaction. Synthetic
procedures and characterization of these materials are
provided in the Supporting Information.

Colloidal Polymers from Dipolar CoNP-Tipped CdSe@CdS Nano-
rods. Heterostructured nanorods composed of dipolar
CoNP-tips deposited onto Pt-activated CdSe@CdS
nanorods were sufficiently dipolar at room temperature
and zero-field conditions to spontaneously form linear
assemblies. These CoNP-tipped nanorods were analo-
gous to macromonomers that when homopolymerized
via “grafting through” methods formed bottlebrush
polymers,®® where dipolar association of CoNP-tips
formed the colloidal polymer backbone. These self-
assembled colloidal polymers were composed of CoONP
chains that carried semiconductor nanorods as side
chain groups in nearly every repeating unit of the
dipolar NP chain. Nanorod side chains were frequently
observed to adopt extended conformations relative to
the CoNP-tip (colloidal polymer) backbone in a manner
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visually reminiscent of AFM studies of bottlebrush
polymers®® where the CdSe@CdS nanorod was often
observed to be oriented perpendicular to the magnetic
dipole of the CoNP-tip. The selective 1-D assembly of
these heterostructured colloids indicated that
CdSe@CdS nanorods were solely oriented perpendicu-
lar to the CoNP magnetic dipole. This is an important
structural feature of these colloidal monomers because
it allowed repetitive connectivity of the “polymerizable”
magnetic moieties (CoNP-tips) and minimized steric
hindrance from the nanorod side chains during the
assembly process. If the attached nanorods were not
perpendicular to the CoNP magnetic dipole, then the
formation of dipolar dimers, or small clusters, would
likely have resulted due to steric screening of either the
north or south dipole of the CoNP with the nanorod
side chain. While the causality of the nanorod perpen-
dicular orientation relative to the CoNP dipole is pend-
ing further investigation, the Pt-activation of CdSe@CdS
nanorods likely deposited very small Pt-tips that direc-
ted the growth (and easy axis) of the resulting CoNP-tip.
TEM further revealed that nanorod side chains were
commonly found to adhere to, or associate along, the
CoNP-tip backbone and associate with other nanorod
side chains, which resulted in significant bending of
nanorods when cast onto a supporting substrate
(Figure 1b,c). The formation of conformations with
“bent” side chains was more pronounced in dipolar
assemblies formed with longer nanorods having larger
aspect ratios (Figure 1). Similar bending of Au nano-
wires, carbon nanotubes, MnO, nanowires, and Pd
nanowires by polymeric nanoconfinement and tension
at oil/water interfaces was observed previously by Chen
et a|.100—102

To further investigate the effects of nanorod side
chain groups on the gross morphology of dipolar
colloidal polymer chains, thicker, entangled films of
dipolar chains were cast and imaged on carbon-coated
TEM grids (Figure 2). Bare dipolar CoNPs along with
heterostructured nanorods possessing dipolar CoNP-
tips of comparable particle size were selected for these
studies, where the only structural differences were the
presence of CdSe@CdS nanorod side chains of varying
length (Figure 2). In concentrated regions of these
samples, colloidal polymers from bare dipolar CoNPs
were observed to form bundles up to several micro-
meters in width (Figure 2a,d). Colloidal polymers from
CoNP-tipped nanorods with short nanorod side chains
(L = 53 nm) also formed bundled networks of chains;
however, the degree of lateral aggregation was con-
siderably mitigated by the presence of nanorod
side chains (Figure 2b,e). Strikingly, large-scale lateral
aggregation was almost completely suppressed for
CoNP-tipped nanorods with longer nanorod side
chains (L = 150 nm). These chains exhibited minimal
aggregation of colloidal polymer chains as a direct
consequence of the steric isolation of CoNP colloidal
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Figure 2. TEM images: (a,d) CoNPs without attached nanorods (Dconp = 21 nm); (b, e) “short” CoNP-tipped nanorods
(Dconp-tip = 22 NM; Lyanorod = 53 nm); (c, f) “long” CoNP-tipped nanorods (Dconp-tip = 22 NM; Lnanorod = 150 nm). TEM samples
were dried in an external magnetic field to induce lateral bundling of NP chains. Scale bars are 500 nm for the top row of

images and 100 nm for the bottom row of images.

polymer backbones from longer nanorod side chains
(Figure 2¢/f). Overall, these findings were in agreement
with the previous findings of Hatton et al., where lateral
association of dipolar colloidal chains from bare CoNPs
was observed due to out of registry association of
north—south magnetic dipoles from neighboring par-
ticle units.'®® However, colloidal bottlebrush polymers,
particularly with increasing nanorod side chain length,
suppressed lateral bundling of CoNP polymer back-
bones due to enhanced steric screening from nanorod
side chain groups. The enhanced steric screening of CONP
polymer backbones with longer nanorod side chains
were in good agreement with improved site isolation of
polymer backbones in poly(methyl methacrylate) molec-
ular bottlebrush polymers as observed by Sheiko and
Matyjaszewski et al., with increasing lengths of grafted
side chains.'**

FE-SEM was conducted to image individual colloi-
dal bottlebrush polymers cast onto carbon coated TEM
grids as a function of different nanorod side chain
lengths (Figure 3). FE-SEM imaging at high tilt angle
revealed that CdSe@CdS nanorods were preferentially
oriented perpendicular to the CoNP backbone, where
these nanorod side chains tended to spread onto the
carbon surface (Figure 3). As observed in TEM, longer
nanorod side chains (L = 124 nm) on colloidal polymers
were more commonly observed to be bent when
compared to shorter nanorods (L = 53 nm) with similar
diameters (5.4 nm). More strikingly, FE-SEM of colloidal
polymers assembled from CoNP-tipped nanorods with
longer side chains indicated more efficient wetting
on the carbon-coated substrate as noted by spreading
of CdSe@CdS nanorods, affording flattened wormlike
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Figure 3. FE-SEM images: (a) CoNP-tipped nanorods with
long nanorod side chains (Lyanorod = 124 NmM, Dpanorod =
5.4 nm; Dconp-tip = 22 nm); (b) CoNP-tipped nanorods with
short nanorod side chains (Lhanorod = 53 NM, Dpanorod =
5.4 nm; Dconp-tip = 22 nm). Scale bars are 100 nm. Samples
for FE-SEM imaging were cast onto carbon-coated TEM
grids and mounted at 90° relative to the incident beam.

assemblies (Figure, 3a). Similar polymeric nanostruc-
tures have been observed by Matyjaszewski and Shei-
ko et al., with bottlebrush polymers, where poly(n-butyl
acrylate) side chains were imaged using AFM.%® The
presence of both long nanorods and hydrophobic
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Figure 4. (a) Synthetic scheme for blends of dipolar bare CoNPs and CoNP-tipped nanorods to form segmented colloidal
copolymers. (b) TEM image of CoNP-tipped nanorods (Lanorod = 124 nm; DCONP tip = 22 nm) blended with free CONPs (Dcone =
24 nm) in solution for 3 h at room temperature (1:1 molar ratio; ca. 6 x 10~ °M nanoparticles, Supporting Information). (c) TEM
image of residual nonconjugated “homopolymer” chains also present after blending dipolar colloids. Scale bars are 100 nm.

aliphatic small molecule ligands on the nanorods likely
promoted this spreading onto the substrate.

Conversely, FE-SEM of colloidal polymers as-
sembled with shorter nanorod side chains exhibited
more diverse chain conformations due to positioning
of side chain nanorods around the colloidal polymer
backbone. While these shorter nanorods were periodi-
cally observed to spread onto carbon coated grids as in
the case of longer nanorods, these short nanorods
were also observed to “prop up” segments of the CoNP
chains due to end-on vertical orientation of nanorods
on the supporting substrate (Figure 3b). Furthermore,
relative to colloidal polymers containing longer nano-
rod side chains, FE-SEM imaging of colloidal polymers
with shorter nanorods suggested a decrease in the
apparent density of nanorod side chains, since not all
of the shorter nanorods were observed to spread on
the supporting substrate. However, TEM of these as-
semblies (Figure 1) confirmed that presence of a very
high yield of CoNP-tipped nanorods (~90%), which
indicated that a fraction of these shorter nanorods
were hidden by the CoNP backbone at the high tilt
angle imposed for FE-SEM imaging. Although nanorod
side chains affected colloidal polymer chain conforma-
tion, TEM and FE-SEM imaging of dipolar CoNP-tipped
nanorods demonstrated that dipolar associations
dominated the assembly of these colloids into 1-D
chains (Figure 1, Figure 3, and Figure S-5 (Supporting
Information)).

Co-assembly Experiments with Dipolar Nanopartides and Dipolar
CoNP-Tipped Nanorods. With a family of dipolar CONP-tipped
nanorods and CoNPs in hand, the coassembly of
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disparate dipolar colloids into mesoscopic NP chains
was investigated as a route to vary the composition in
colloidal polymer chains. CoNPs with diameters and
magnetic properties similar to those currently studied
were previously observed to exist as tightly associated
chains of NPs in the dispersed state.?*®” From the per-
spective of using these dipolar colloids to form “colloidal
copolymers,” a key question to examine was whether
disparate dipolar nanoparticles preferred to self-associate
into their own NP chains or coassemble into NP chains
with random sequencing of the disparate NP units.

In this series of coassembly experiments, CoNP-
tipped nanorods were blended in an equimolar ratio
with free CoNPs possessing similar size and magneti-
zation (Figure 4). TEM imaging under zero-field condi-
tions indicated the formation of segmented NP chains
composed of CoNP units linked to CoNP-tipped nano-
rods units, resembling block copolymers (Figure 4a,b).
Concurrently, “homopolymer” chains of nonconju-
gated CoNPs and CoNP-tipped nanorods were also
observed (Figure 4c). Statistics taken from TEM images
(n > 1000) showed that approximately 77% of CoNPs
and CoNP-tipped nanorods were incorporated into
“segmented copolymer” assembilies (Table S3, see the
Supporting Information).

Co-assembly experiments were also conducted
by blending preformed dipolar CoNP-tipped nanorods
of differing lengths to exclude any differences in the
magnetic properties of free CoNPs and CoNP-tipped
nanorods that would affect coassembly (Figure 5).
Nanorod side-chain length was a useful probe for
visualizing the composition of these segmented
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Figure 5. (a) Synthetic scheme for blends of dipolar CoNP-tipped nanorods having two nanorod lengths (L, =66 nm and L, =
124 nm) to form segmented colloidal copolymers. Nanorods were blended in a 1:1 molar ratio (ca. 2 x 10°°M nanoparticles).
(b) Histogram showing nanorod length distributions prior to cobalt deposition, where the 66 nm nanorods are colored blue
and the 124 nm nanorods are colored red. (c) TEM image of a segmented copolymer chain. (d) False colored TEM image from
(c). Nanorod side chains in the TEM image were colored red if their measured length was >80 nm, while all other nanorod side

chains were colored blue. Scale bars are 100 nm.

colloidal copolymers consisting of dipolar CoNP-
tipped nanorods, where the length distributions ob-
tained for the parent nanorods were sufficiently differ-
ent to enable image analysis and color contrasting of
longer vs shorter nanorods (Figure 5b,d). TEM imaging
of these assemblies indicated the formation of segmen-
ted NP chains composed of CoNP-tipped nanorod seg-
ments of different lengths segregating into their own
1-D domains resembling block, or segmented, copoly-
mers as described in the previous blending experiment.
The phenomenological conclusions were also consis-
tent with blending experiments with preformed dipolar
CoNP-tipped nanorods and CoNPs shown in Figure 4
which formed both homopolymer and segmented co-
polymer NP chains. Statistics taken from TEM images
(n > 1000) showed that approximately 72% of CoNP-tips
were incorporated into “segmented copolymer” assem-
blies (Table S4, Supporting Information).

Mechanism for the Formation of “Segmented Copolymers”.
The formation of “segmented copolymer” mesostruc-
tures and the persistence of residual “homopolymers”

HILL ET AL.

pointed to the persistence of short chains of dipolar
nanoparticles in a kinetically frozen state during mixing
(nonergodic mixing).®¢” Dipolar NPs existed primarily
as dipolar assemblies (as opposed to individually dis-
persed NPs) due to the large energetic gain for dipolar
coupling between dipolar colloids. This energy can be
calculated using eq 1, where u is the dipole moment
of the nanoparticle, 4, is the relative permeability of
water, uo is the permeability of free space, and ris center
to center distance of nanoparticles in contact.'®>'% To
a first approximation, CoNPs with a 22 nm diameter,
3 nm thick PS corona, and 76.8 emu/g magnetization
possess an association energy of —32kgT on contact,
which greatly exceeds thermal energy and strongly
favors the assembled state of NP chains. This large
association energy dictates that vanishingly small
amounts of nanoparticles will be individually dispersed
at any given time (about one in 10" particles).'%'%
Fo M
2'7-[/"r/"0r3
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Scheme 2. Proposed mechanism for formation of “block
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Simulations of equilibrium polymerization in a
Stockmayer fluid reproduce many experimental obser-
vations of magnetic nanoparticle self-assembly,'®>'%
where Stockmayer fluids that undergo equilibrium
polymerization exist as loops, linear chains, and hybrid
branched structures all in dynamic equilibria."” "
Therefore, the postulated mechanism for block forma-
tion in mixtures of CoNPs with CoNP-tipped nano-
rods dealt with the interactions of these assemblies
(Scheme 2). Prior to mixing, individual CoNP- and CoNP-
tipped nanorod suspensions consisted primarily of
homopolymer chains, loops, and branched structures
(not shown) formed during synthesis or shortly there-
after. When the two suspensions were blended together,
one initially obtained a mixture of homopolymers, and
copolymerization could only occur when the north pole
of one chain end coupled to the south pole of another
(i.e., loops can only copolymerize when they open
temporarily due to thermal fluctuations).'® """ For the
drawing in Scheme 2 to be true, the dipolar interactions
must be in a regime where the equilibrium strongly
favors the assembled NP chain state prior to mixing
but not so strong that the loops are kinetically frozen
over experimental time scales. Although the proposed
mechanism indicated nothing about the loop-opening
kinetics, TEM images such as those in Figure 4 clearly
demonstrated the availability of chain ends for forming
segmented copolymers. This mechanism also applied to
blends of dipolar CoNP-tipped nanorods (Figure 5).

In order for “random” or “statistical copolymers” of
CoNPs and CoNP-tipped nanorods to form, dipolar
nanoparticles would have to be mixed as individually
dispersed nanoparticles prior to assembly. The com-
plete absence of statistical copolymers therefore
meant that individually dispersed CoNPs were present
in vanishingly small concentrations throughout the
experiment due to predominant association of NPs
into colloidal chains. Therefore, additional blending
experiments were conducted to determine if rando-
mization of dipolar colloids could be achieved to
promote formation of “statistical colloidal copolymers”
by strong sonication of dispersion, application of alter-
nating magnetic field, or dilution and heating of the
dispersed blends (Figures S-8 and S-9, Supporting
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Information). However, in all of these experiments,
randomization of disparate dipolar colloids was
not observed, supporting our hypothesis that dipolar
colloids tended to reside as short NP chains when
dispersed in solution.

Additional chemical evidence was collected to sup-
port this proposed mechanism via acid etching of
strongly dipolar CoNP-tipped nanorods.''? Chemical
etching of metallic cobalt phases using oleic acid was
found sufficient to reduce CoNP-tip diameters (from
D =224+ 4 nmto D =17 £ 4 nm) and weakened
interparticle magnetic associations. Contrary to pre-
vious blending studies (as shown in Figures 4 and 5),
the formation of randomized coassemblies were
observed by TEM which supported our proposed
mechanism where strong dipolar interactions pre-
vented random incorporation of individual colloidal
monomers into colloidal copolymer chains (Figure
S-10, Supporting Information).

Statistical Colloidal Copolymers from Blending Pt-Activated
Nanorods Prior to Cobalt Deposition. As previously dis-
cussed, blends of disparate dipolar colloids afforded
mixtures of both segmented and homopolymer chains
due to nonergodic mixing of the individual magnetic
nanoparticles. Furthermore, despite attempts to in-
duce isotropic dispersion and mixing of disparate
dipolar colloids, the strong dipolar associations hold-
ing NP chains together dominated the coassembly and
suppressed the formation of statistical colloidal copo-
lymers with random sequencing of nanorods along the
copolymer backbone.

A chemical solution to this problem was to blend
dispersions of Pt-activated CdSe@CdS nanorods of
different lengths and then deposit CoNP-tips to form
in situ mixtures of dipolar nanorods. This chemical
approach ensured isotropic mixing of nanorods of
varying size and was more true to a “grafting through”
approach, since these precursors did not self-associate
prior to deposition of ferromagnetic CoNP-tips. Using
this method, dipolar CoNP-tipped CdSe@CdS nano-
rods were prepared which afforded CoNP-tips on both
lengths of nanorods simultaneously (Figure 6). These
CoNP-tips were similar in size and morphology to those
observed for cobalt deposition onto a single nanorod
length (e.g., Figure 1). Unlike the previous coassembly
experiments with preformed dipolar colloids, these
dipolar assemblies exclusively formed random copo-
lymer-like NP chains as imaged by TEM. Furthermore,
the presence of homopolymer chains composed of
nanorods of similar length was not observed as a
consequence of this in situ Co-deposition methodol-
ogy. The ability to prepare random copolymer assem-
blies via this chemical methodology further confirmed
that random copolymer sequences were accessible
via coassembly of disparate dipolar colloids, but blend-
ing conditions to achieve isotropic mixing are compli-
cated by the inherently strong magnetic associations
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a “Short” uLongu
Pt-activated Pt-activated
nanorod nanorod
(L =66 nm) (L =124 nm)

I}

COz(co)g 160 °C
PS-COOH
TCB

]

Statistical copolymer

15 minutes

Figure 6. (a) Synthetic scheme for synthesis of statistical colloidal copolymers by deposition of CoONP-tips onto a 1:1 mixture
of differing lengths of Pt-activated nanorods (L, = 66 nm and L, = 124 nm). (b) TEM image of a statistical copolymer chain after
cobalt deposition (CONP-tip diameter = 22 nm +4 nm). (c) False colored TEM image from Figure 6b. Color labels were chosen
based on nanorod length distributions as described in the caption for Figure 5, and “homopolymers” were not observed. Scale

bars are 100 nm.

of the ferromagnetic CoNPs and CoNP-tips used in
this study.

Phase Behavior of Colloidal Copolymers. Finally, the
phase behavior of segmented colloidal copolymer
chains was investigated to ascertain if nanorod side
chains would induce phase separation when blended
with colloidal polymers from bare CoNPs (Figure 7).
Mesoscopic chains were anticipated to retain their
connectivity due to the strong coupling between
CoNPs and CoNP-tips in colloidal polymers, as dis-
cussed above for segmented colloidal copolymers.
This would enable for the first time interrogation of
the phase behavior of mesoscopic colloidal polymers
to observe if phenomenon such as mixing versus phase
separation would occur. In our investigations of seg-
mented copolymers, dipolar chains were observed
to phase separate into regions enriched in segments
of bare CoNPs or CoNP-tipped nanorods. Under these
conditions, colloidal polymers containing nanorod side
chains were observed to form a semicontinuous matrix
phase due to their larger occupied area per nano-
particle, while bare CoNP chains phase segregated into
more densely bundled domains.

To amplify this effect, a segmented colloidal copo-
lymer sample was prepared from CoNPs and CoNP-
tipped nanorods as in Figure 4 above, with a 10-fold
molar excess of CoNPs. In these blended samples,
the formation of microscopic domains reminiscient
of a phase separated spherical morphology in block
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Figure 7. TEM image of CoNPs (D = 21 nm; without nanorod
side chains) and CoNP-tipped nanorods (Dconp-tip = 22 Nm;
Lnanorod = 150 nm) blended in a 10:1 molar ratio. Scale bar is
100 nm. TEM samples were prepared under zero field
conditions.

copolymer thin films were observed in the formation of
tightly bundled domains of bare CoNP chains spaced
with a quasicontinuous phase of nanorod-bearing
colloidal polymers (Figure 7). However, it is important
to note that these more ordered regions were also
accompanied by presence of larger, less ordered,
phase-separated regions of colloidal polymers of bare
CoNPs (Figure S-13, Supporting Information). Never-
theless, these blending experiments demonstrate that
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dipolar colloidal (co)polymer chains exhibit striking
phase behavior similar to conventional (co)polymer
systems.

CONCLUSIONS

In conclusion, we have demonstrated the self-as-
sembly of dipolar CoNP-tipped CdSe@CdS nanorods
into colloidal bottlebrush polymers. These colloidal
polymers are composed of a CoNP backbone with
a high grafting density of CdSe@CdS nanorod side
chains which strongly influence the conformation and
morphology of the colloidal polymer chains. Strong
magnetic interactions of these dipolar CoNP-tips en-
abled the formation of magnetic colloidal copolymers

METHODS

Materials and Characterization. 1,2,4-Trichlorobenzene (TCB)
(>99%) was purchased from both Aldrich and Alfa Aesar
and passed through a 0.2 um syringe filter prior to use. 1,2-
Dichlorobenzene (DCB) (>99%) was purchased from both
Aldrich and Acros Organics and passed through a 0.2 um
syringe filter prior to use. 1,2-Hexadecanediol (HDD) (90%),
toluene (99.5%), cadmium(ll) oxide (CdO) (99.5%), selenium
(99.999%), oleic acid (OLAC) (90%), oleylamine (OLAM) (70%),
and 1-octadecene (ODE) (90%) were purchased from Aldrich.
Octadecylphosphonic acid (ODPA) (97%), trioctylphosphine
oxide (TOPO) (99%), trioctylphosphine (TOP) (90%), trioctylpho-
sphine (TOP) (97%), hexylphosphonic acid (HPA) (97%), and
dicobalt octacarbonyl stabilized with 5% hexanes (Co,(CO)g)
were purchased from Strem. Platinum(ll) acetylacetonate
(Pt(acac),) (98%) and diphenyl ether (DPE) (99%) were pur-
chased from Acros Organics. Sulfur (>99.0%) was purchased
from EMD, and absolute ethanol (EtOH) was purchased from
Pharmco-Aaper. All chemicals were commercially available and
used as received, unless otherwise noted. Air-free manipula-
tions were performed under argon by using standard Schlenk
techniques with vacuum pressure at approximately 1 mmHg
using an Edwards High Vacuum International vacuum pump
(Model RV12, Sussex England). An Omega temperature con-
troller CSC32K with a K-type utility thermocouple and a Glas-Col
fabric heating mantle were used for thermolysis reactions.
All centrifugation steps were performed in 50 mL centrifuge
tubes using a rotor with a radius of 11 cm. UV—vis measure-
ments were obtained using a Shimadzu Corp. UV—vis recording
spectrophotometer (no. UV-2401PC, Kyoto Japan). Fluores-
cence measurements were obtained using a Photon Technol-
ogy International spectrometer (no. 3005, Weatherford TX). Low
resolution bright field TEM images (those not labeled “high
resolution”) were obtained on a Phillips CM12 transmission
electron microscope (CM12) at 80 kV, or a Tecai Spirit transmis-
sion electron microscope (FEI) at 100 kV using in house pre-
pared carbon coated copper grids (Cu, hexagon, 200 mesh).
Image analysis was performed using ImageJ software (Rasband,
W.S., National Institutes of Health, http:/rsb.info.nih.gov/ij/,
1997—-2007) from bright field TEM images at a minimum of
110000x magnification by sizing a minimum of 100 particles
(unless otherwise stated). Relative uncertainty of particle size
determinations using ImageJ was found to be 1% of diameter
average (e.g, 20 £+ 0.2 nm). High-resolution TEM (HRTEM)
images were obtained using a CM200FEG (Philips) microscope
with a field emission gun operated at 200 kV. Thermogravi-
metric analysis was carried out under nitrogen atmosphere
using a TGA Q50 instrument and software from TA Instruments.
VSM measurements were conducted using a Waker HF 9H
electromagnet with a Lakeshore 7300 controller and a Lake-
shore 668 power supply. Magnetic measurements were carried
out at room temperature (27 °C or 300 K) with a maximum S-2
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with segmented compositions for the first time. Our
modular synthesis approach was utilized as a means of
overcoming the tendency for the formation of blocky
structures, where blending nondipolar precursors
allowed the formation of randomly connected colloi-
dal monomers within the polymeric mesostructures
(statistical copolymers). This system is one of the
few examples where colloidal polymers and copoly-
mers of different composition can be controlled on
the mesoscale. Finally, the phase behavior of these
colloidal polymers was investigated to demonstrate
that microphase separation concepts from tradi-
tional polymer science are applicable to colloidal
polymers.

applied field of 1190 kA/m, a ramp rate of 2630 Am-1s-1 and a
time constant of 0.1. XRD measurements were performed on
the uSpot beamline at BESSY Il synchrotron. A Si 111 Mono-
chromator was used and an incident X-ray energy of 12.48 keV
(0.9933 A) was selected. The beam size was 100 um. A polymer
sample holder with 2 mm holes and a thickness of about 1 mm
was used. Samples were filled into the holes and covered with
Scotch tape. To protect the area detector (MAR-CCD), the
primary beam was blocked by a 3.5 mm beam stop made of
lead. Each sample was measured twice with an acquisition time
of 150 s. The program Fit2D was used for integration of the
images. XPS characterization was performed on a KRATOS 165
Ultra photoelectron spectrometer, using a monochromatic Al
Kat radiation source. SEM images were taken on a Hitachi 4800
FE-SEM (30 kV accelerating voltage) on the as-prepared sample
(i.e., no metallic overcoating).

Note: Full synthetic details for all of the materials described
in this report are provided in the Supporting Information;
however, representative procedures for the synthesis of
Pt-activated CdSe@CdS nanorods and Co-tipped CdSe@CdS
nanorods are discussed below.

Representative Procedure for the Synthesis of Pt-Activated
(dSe@(dS Nanorods (CdSe Seed: D = 2.7 nm; nanorod: L = 69.1 nm,
D = 6.0 nm). CdSe@CdS nanorods (approximately 40 nanomol,
270 mg for 69.1 nm x 6.0 nm nanorods with 17.7% organic
content by mass) were weighed into a 20 mL vial and dispersed
in 1,2-dichlorobenzene (6 mL) via vortex agitation, where
sonication in certain cases was briefly applied (<2 min).
A solution of platinum(ll) acetylacetonate (5 mg in 0.5 mL
DCB; 12.7 umol) was then injected into the vial containing the
nanorod dispersion no more than 5 min prior to use. Diphenyl
ether (50 mL at 40 °C), oleic acid (1.0 mL; 3.05 mmol), oleylamine
(1.0mL; 3.15 mmol), and 1,2-hexadecanediol (215 mg; 0.85 mmol)
were weighed into a 100 mL three-neck-round-bottom flask
equipped with a reflux condenser and 1 in. magnetic stir bar.
The flask was fitted with rubber septa, and a temperature probe
was passed through a septum until it came into direct contact
with the solution. The solution was then heated to 80 °C in vacuo
for 30 min using a heating mantle and temperature controller
with continuous stirring at 300 rpm and subsequently backfilled
with Ar. The contents of the flask were then heated to 225 °C
under argon, followed by injection via syringe of CdSe@CdS
nanorods dispersed in a solution of Pt(acac),/DCB (described
above) to the reaction mixture. The heating mantle was removed
from the reaction flask after 30 s from the injection of Pt(acac),/
nanorods/DCB. Toluene (20 mL) was injected via syringe into
reaction mixture once the internal temperature of the medium
reached 100 °C, and the orange dispersion was allowed to cool
to room temperature prior to purification. Purification of as
synthesized Pt-activated nanorods in this toluene dispersion
was accomplished via three cycles of dissolution, precipitation,
and centrifugation. The room temperature, crude product
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(i.e., toluene dispersion) was divided evenly between four cen-
trifuge tubes, and the contents of each tube were diluted with
toluene (to 30 mL) before dilution with EtOH (15 mL) to induce
precipitation. Centrifugation of this heterogeneous mixture
(3500 rpm, 12 min) afforded orange pellets. The clear super-
natants were decanted, and the pellets were each dispersed in
toluene (30 mL) before each was diluted with EtOH (15 mL).
Centrifugation (3500 rpm, 12 min) a second time afforded
orange pellets. The yellow-tinted, translucent supernatants
from the various tubes were decanted, and the pellets were
each dispersed in toluene (30 mL) before each was diluted
with EtOH (15 mL). Centrifugation (3500 rpm, 12 min) a third
time resulted in orange pellets. The yellow-tinted, translucent
supernatants were decanted, and the resulting precipitate was
dispersed in DCM (approximately 10 mL) before a sample was
taken for TEM in toluene (DCM dispersion (0.2 mL) diluted into
toluene (3 mL) in a separate vial). The DCM dispersion was
transferred into a tared vial via glass pipet, and the solvent was
evaporated before drying the sample in vacuo at 55 °C over-
night to yield an orange powder (202 mg, 14.9 wt % organic
content by TGA).

Representative Procedure for the Synthesis of Dipolar CoNP-Tipped
(dSe@(dS Nanorods (Nanorod: L = 124.0 nm, D = 5.4 nm). Pt-activated
CdSe@CdS nanorods (9.2 mg, approximately 0.73 nanomol)
were loaded into a 20 mL vial containing PS-COOH (10 mg;
1.2 umol), and TCB (1 mL) was added before the vial was fitted
with a screw top polypropylene cap and subjected to 10 min
sonication. A 10 mm magnetic stir bar was added to the vial
after sonication, and the vial was fitted with a rubber septum.
A temperature probe was passed through the septum until it
came into direct contact with the reaction mixture before
securing the septum with electrical tape. The reaction vessel
was evacuated for 2 min and backfilled with argon before
heating to 160 °C using a heating mantle and temperature
controller with continuous stirring (1000 rpm). Upon reaching
160 °C, room-temperature Co,(CO)g dissolved in TCB (0.5 mL of
the Co,(CO)g stock solution described above; approximately
50 mg or 146 umol of Co,(CO)g) was injected. The temperature
was held at 160 °C for 15 min from the time of injection before
the vial was removed from the heating mantle and allowed to
cool to room temperature. In the first step of the magnetic
purification process, the magnetic stir bar was removed and
rinsed using a solution of PS-COOH/TCB (2 mg PS-COOH/mL
TCB, 3 mL) to recover the magnetically associated crude pro-
duct. The recovered mixture was then diluted with DCM
(to approximately 12 mL) before being shaken by hand and
subjected to vortex agitation, after which the magnetic probe
shown in Figure S-2 (see the Supporting Information) was
immersed into the dispersion to promote magnetic flocculation
of dipolar nanorods onto the exterior of the magnetized
assembly. After immersion of the probe into this DCM disper-
sion for 2 min, a black precipitate was observed to accumulate
along the length of the probe. The syringe barrel was detached
from the metal cylinder and bar magnet accessory, and the
viscous black ink was washed from the sleeve exterior into
another vial using PS-COOH/TCB (3 mL). The black dispersion
was then diluted to 12 mL with DCM before collecting onto the
magnetic probe as above. The entire process was repeated for
a total of 3 magnetic collection steps per sample. The pellet
obtained from the final magnetic collection step was dispersed
in PS-COOH/TCB (3 mL) and a sample was cast directly from this
dispersion onto a carbon coated copper grid for TEM imaging
(no DCM was added to the final product). The product was
imaged via TEM and sized using ImageJ software (CoNP-tip
diameter =22 £+ 3 nm; approximately 83% of dipolar CoNPs
imaged carried a nanorod side chain). These CoNP-tipped
matchsticks were sensitive to sonication which resulted in an
increased number of shorter “broken” free nanorods being
observed in sonicated samples. Dipolar CONP-tipped nanorods
were stored as dispersions when intended for further
use. Complete drying of samples or sonication of samples
resulted in irreversible aggregation and nanorod fracture,
respectively.
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