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These linearly assembled nanostructures may exhibit a broad range of
new properties and applications as a result of size-dependent physical
properties of individual nanocrystals and the collective interactions be-
tween nanocrystals because of their close proximity within nanostructures.
RESULTS

Synthesis of unimolecular worm-like diblock copolymer micelles
PEG (MPEO = 4 kg/mol) was tosylated at its chain ends to yield PEG-
bis-tosylate (PEG-Ts2) (27) (upper middle panel in Fig. 1; see Mate-
rials and Methods). Polypseudorotaxanes (that is, a-CD–PEG-Ts2 with
no stopper capped at the ends of PEG; upper right panel in Fig. 1) were
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then prepared by forming gel-like inclusion complexes between
a-CDs and linear PEG-Ts2 (fig. S1) (27, 28). A larger stoppering agent,
9-hydroxymethylanthracene, was subsequently used in an attempt to
prevent dethreading of a-CDs based on the previous work [that is, form-
ing a-CD–PEG-bis-9-methylanthracenyl (a-CD–PEG-MA2); two ends
of PEG were capped by 9-methylanthracenyl groups] (29). The 1H
nuclear magnetic resonance (NMR) of polyrotaxane a-CD–PEG-MA2

in DMSO-d6 (hexadeuterated dimethyl sulfoxide) only exhibited the
broad signals of a-CD, signifying the typical threaded state (fig. S2)
as free a-CDs result in the narrow signals instead. The esterification
of 18 hydroxyl groups on a-CD with 2-bromoisobutyryl bromide re-
sulted in a polyrotaxane macroinitiator, 18Br–a-CD–PEG-MA2 (central
right panel in Fig. 1). In sharp contrast to the a-CD–PEG-MA2
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Fig. 1. Schematic illustration of the synthesis of organic-inorganic
shish-kebab–like nanohybrids (lower right panel) composed of peri-
odic nanodisc-like kebabs (red) on PEO shish (blue) by exploiting am-
phiphilic worm-like PAA-b-PS diblock copolymer (lower left panel) as
nanoreactor. Notably, during the threading step, the threaded a-CDs pack
closely (upper right panel) because of hydrogen bonding between adja-
cent a-CDs. After tBA and St monomers are sequentially polymerized (that
is, grafted) from the worm-like macroinitiator (central right panel), a-CDs
are separated because of steric crowding of the long PtBA and PS chains
grafted. There are about 18 PtBA-b-PS chains on each a-CD because of the
presence of 18 hydroxyl groups on each a-CD that allows the growth of 18
chains. For clarity, however, only four chains are shown on both sides. The
stoppering units at the PEG chain ends in the central left and lower two
panels are also omitted for clarity.
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polyrotaxane, the 18Br–a-CD–PEG-MA2 polyrotaxane had good sol-
ubility in CDCl3 (fig. S3). Worm-like PtBA-b-PS diblock copolymer
was then synthesized by a “grafting from” approach through sequen-
tial ATRP of tBA and St using 18Br–a-CD–PEG-MA2 as macroinitia-
tor. The worm-like architecture was virtually composed of a number
of star-like PtBA-b-PS diblock copolymers on a-CDs that were
connected by a PEG chain (central left panel in Fig. 1). Both inner
PtBA blocks and outer PS blocks are hydrophobic. The hydrolysis
of PtBA with trifluoroacetic acid (TFA) yielded amphiphilic worm-like
PAA-b-PS diblock copolymer containing inner hydrophilic PAA blocks
and outer hydrophobic PS blocks (see Materials and Methods; lower
left panel in Fig. 1).

Three worm-like PAA-b-PS diblock copolymers with different mo-
lecular weights (that is, samples 1 to 3) were synthesized and character-
ized by 1H NMR spectroscopy. As an example, figs. S4 to S6 display the
NMR measurements on worm-like PtBA homopolymer, PtBA-b-PS,
and PAA-b-PS diblock copolymer of sample 1, respectively. Gel permea-
tion chromatography (GPC) traces of worm-like PtBA homopolymer
and PtBA-b-PS diblock copolymer were shown in fig. S7. Table 1 sum-
marizes the structural parameters of the three worm-like PAA-b-PS
samples used in the study.

Crafting organic-inorganic shish-kebabs
Amphiphilic worm-like PAA-b-PS diblock copolymers were then ex-
ploited as nanoreactors to structure-direct the precursors into inorganic
functional nanostructures. Strikingly, rather than 1D nanorod- or
nanowire-like inorganic nanostructures completely templated by worm-
like PAA-b-PS diblock copolymers as one may have expected, chainlike
inorganic nanostructures resembling a pearl necklace-type arrange-
ment (nanonecklace) were yielded, within which distorted nanoparti-
cles (that is, nanodiscs) were intimately and permanently capped with
PS chains on the surface. The formation of these surprising nanoneck-
laces will be discussed in detail later.

We first synthesized CdSe nanonecklace using amphiphilic worm-
like PAA-b-PS diblock copolymer as template to demonstrate the ef-
fectiveness of our strategy in producing high-quality nanonecklace-
like structures (Fig. 2A). The growth mechanism involves loading
of the inner PAA region of amphiphilic worm-like PAA-b-PS with
the desired metal moieties. A certain amount of amphiphilic worm-like
PAA-b-PS diblock copolymers (sample 1 in Table 1) was dissolved in a
mixture of N,N-dimethylformamide (DMF) and benzyl alcohol (BA) at
DMF/BA = 9:1 (volume ratio) at room temperature, followed by the ad-
dition of CdSe precursors [that is, Cd(acac)2 and Se]. Tri-n-octylphosphine
(TOP) to act as the reducing agent for Se. The inner PAA blocks in
Xu et al. Sci. Adv. 2015;1:e1500025 27 March 2015
worm-like PAA-b-PS diblock copolymers are highly hydrophilic, ren-
dering the preferential incorporation of precursors into the interior
space occupied by PAA blocks through strong coordination interac-
tion between the metal moieties of precursors and the carboxyl groups
of PAA (30). Consequently, CdSe nanodiscs with PS chains capped on
the surface were formed into a well-proportioned nanonecklace-like struc-
ture as unambiguously evidenced by TEM imaging obtained from a
dilute CdSe solution. The emergence of highly oriented, long CdSe neck-
lace suggested a template-assisted growth of CdSe nanodiscs. The CdSe
nanodiscs capped by PS chains were connected by the PEG chain and
closely packed along it. In this context, such nanostructures are reminis-
cent of nanoscopic organic-inorganic shish-kebabs (31, 32), in which
nanodisc kebabs were closely and periodically spaced on the stretched
PEG shish. It is noteworthy that the PEG shish was not visible under
TEM because it is a single chain and has low electron density com-
pared to inorganic CdSe nanodiscs. Similarly, the PS chains tethered
on the surface of the nanodisc and PAA within the nanodisc were also
not observed.

The representative high-resolution TEM (HRTEM) characteriza-
tion of CdSe nanodiscs within nanonecklace revealed that they had
continuous crystalline lattice (Fig. 3A). The crystal structure of CdSe based
on HRTEM was further corroborated by x-ray diffraction (XRD) mea-
surement and energy dispersive spectroscopy (EDS) microanalysis.
The XRD of nanonecklaces showed the characteristic Bragg reflections
that can be assigned to CdSe (fig. S8). Moreover, the EDS microanaly-
sis displayed Cd and Se signals, confirming the successful synthesis of
CdSe nanonecklaces (fig. S11). Notably, within the nanonecklace,
Fig. 2. TEM images of (A) semiconductor CdSe, (B) magnetic Fe3O4,

and (C) ferroelectric BaTiO3 nanonecklaces. (D) Schematic illustration
of an individual nanonecklace showing dimensions: the diameter (D) and
thickness (t) of a nanodisc, the spacing (s) between adjacent nanodiscs,
and the total length (L) of a nanonecklace. The PS chains that intimately
and permanently capped on the necklace surface, and the PEO stem that
connected all nanodiscs are omitted for clarity in (D).
Table 1. Molecular characteristics of worm-like PAA-b-PS diblock
copolymers.
Samples
 Mn,PAA*
 Mn, PS*
 PDI†
Sample 1
 9.6 K
 4.8 K
 1.19
Sample 2
 11.1 K
 5.2 K
 1.16
Sample 3
 6.8 K
 5.0 K
 1.15
*Molecular weight (Mn) of each arm was calculated from 1H NMR data. †Polydispersity index
(PDI) of PtBA-b-PS, the precursor of PAA-b-PS, was determined by GPC using polystyrene standards
for calibration and THF as solvent. Samples 1 to 3 are the diblock copolymer templates for CdSe,
Fe3O4, and BaTiO3, respectively.
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CdSe nanodiscs remained individualized, an attribute that may impart
the tailoring of electronic coupling strength of nanodiscs and lead to
efficient electronic devices, such as solar cells (33).

On the basis of the worm-like diblock copolymer nanoreactor
strategy, in addition to semiconductor CdSe, other functional nano-
necklaces in which nanodiscs were directly capped by PS chains and
laterally connected can be crafted, including magnetic Fe3O4 (Fig. 2B)
and ferroelectric BaTiO3 (Fig. 2C), by adding appropriate precursors
to selectively react with the PAA blocks in amphiphilic worm-like
PAA-b-PS (samples 2 and 3 in Table 1, respectively). The precursors
were FeCl2·4H2O and FeCl3·6H2O for Fe3O4 nanonecklaces, and
BaCl2·2H2O and TiCl4 for BaTiO3 nanonecklaces, respectively. The
corresponding HRTEM images of Fe3O4 and BaTiO3 were shown
in Fig. 3 (B and C), respectively. We note that the lattice fringes in
Fe3O4 nanodiscs as well as BaTiO3 nanodiscs were not parallel to
one another as in CdSe nanodiscs. It has been demonstrated that a
slight sample tilting could result in the lattice fringes altering their ori-
entation parallel to the long axis of nanocrystal to a perpendicular ori-
entation (19). Here, it is plausible that a slight tilting of individual
nanodiscs with respect to the substrate of TEM grid may occur be-
cause the PEG chain was flexible and a-CDs were threaded by the
PEG axle. The success in synthesizing Fe3O4 and BaTiO3 nanostruc-
tures was also further confirmed by XRD and EDS characterizations
(figs. S9, S10, S12, and S13). Such Fe3O4 and BaTiO3 nanonecklaces
may find potential applications in spin electronic devices (34) and dis-
play photoelectric devices (35), respectively.

A variety of spherical colloidal nanoparticles have been synthesized
by using star-like unimolecular micelle as template prepared from a
b-CD core (30). It is not surprising that, by extension, using 1D mi-
cellar structures as template, anisotropic nanocrystals may be created,
which is highly desirable because their physicochemical properties
are often more interesting and unique than those of isotropic nano-
particles for many technological applications (36). Here, amphiphilic
worm-like micelles rationally designed and synthesized were exploited
as template to create surprising nanodiscs. It is obvious that the use of
an amphiphilic star-like PAA-b-PS diblock copolymer (37) as template
would lead to the formation of spherical nanoparticles (Fig. 4A). In
stark contrast, in an amphiphilic worm-like PAA-b-PS diblock co-
polymer template, both PAA and PS chains cannot retain their spheri-
cal random coil-like conformation as in star-like PAA-b-PS diblock
Xu et al. Sci. Adv. 2015;1:e1500025 27 March 2015
copolymer because all PAA-b-PS chains were confined on the PEG
chain through the threaded a-CDs (that is, attached by one end). More-
over, because there were a number of a-CDs threaded on the PEG
stem, PAA-b-PS chains grown from one a-CD core had to stretch out
to alleviate the unavoidable steric crowding from the chains grafted
from the neighboring a-CD core. These PAA-b-PS chains can be re-
garded as brushes. The interplay of the steric repulsion between adja-
cent a-CD–threaded PAA-b-PS brushes on the stretched PEG chain
and the high density of threaded PAA-b-PS brushes on an individual
a-CD (18 chains total) caused the energetically favored periodic sep-
aration of each a-CD–based PAA-b-PS brush. This explains why by
capitalizing on amphiphilic worm-like PAA-b-PS diblock copolymers
as nanoreactors, instead of continuous nanorods or nanowires, nano-
necklaces were achieved despite the fact that a large amount of a-CDs
were added in the reaction in an attempt to improve their threading
density (Fig. 4B). Such high density of PAA-b-PS brushes constrained
on the PEG was also responsible for forming stretched PEG chain de-
spite the flexible nature of PEG. Together, each individual constituent
of nanonecklace [that is, the 18-arm star-like PAA-b-PS diblocks con-
nected to each a-CD (lower left panel in Fig. 1)] squeezed and extended
perpendicularly with respect to the PEG stem, thereby forming elongated
PAA-b-PS diblock copolymers (ellipsoid-shaped) of an a-CD rather than
spherical shape, which in turn resulted in straight nanonecklaces consist-
ing of periodic nanodiscs (that is, distorted rather than spherical nano-
particles) (Fig. 4B). To gain insight into the formation mechanism of
nanonecklaces, we invoked the SCFT, a powerful method for solving
the equilibrium problem, to calculate the self-assembly of star-like di-
block copolymers threaded in the flexible yet highly stretched PEG
chain, as elaborated later.
DISCUSSION

The TEM characterizations showed that within an individual nano-
necklace, the diameter D and thickness t of nanodiscs were remark-
ably uniform. Table 2 summarizes the dimensions of CdSe, Fe3O4,
and BaTiO3 nanodiscs shown in Fig. 2. The D and t of CdSe nano-
discs were 10 ± 1 nm and 4 ± 0.5 nm, respectively. For Fe3O4 na-
nodiscs, D and t were 12 ± 1 nm and 3 ± 0.5 nm, respectively. A D of
8 ± 1 nm and a t of 5 ± 0.5 nm were found for BaTiO3 nanodiscs. It
A

Fig. 3. HRTEM images of two nanocrystal kebabs oriented perpendicularly to the substrate. (A) Semiconductor CdSe. (B) Magnetic Fe3O4.
(C) Ferroelectric BaTiO3. White dashed rectangles are for guidance. Scale bar,2 nm.
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is not surprising that the D of CdSe na-
nodiscs was smaller than that of Fe3O4

nanodiscs, but larger than that of BaTiO3

nanodiscs, because the molecular weight
of PAA block in the amphiphilic worm-
like PAA-b-PS template in sample 1 (Mn =
9.6 K; for CdSe synthesis) was lower than
that in sample 2 (Mn = 11.1 K; for Fe3O4

synthesis) but higher than that in sample 3
(Mn = 6.8 K; for BaTiO3 synthesis) (Table
1). This observation may also be partially
correlated to the separation distance, s,
between adjacent nanodiscs. For exam-
ple, the smaller s between neighboring
nanodiscs indicated that PAA-b-PS di-
blocks in the worm-like template had
to stretch more perpendicularly with re-
spect to the PEG chain to accommodate
the steric crowding with the adjacent di-
blocks as noted above, thereby leading to
a decrease in t and an increase in D of
PAA blocks in the worm-like template,
and thus a reduced t and an increased D.
This reflected well in HRTEM images
(Fig. 3), where Fe3O4 nanodiscs were the
most distorted, exhibiting the largest D/t
(~4) as compared to CdSe nanodiscs (D/t
~2.5) and BaTiO3 (D/t ~2).

The ability to predict the dimensions
of nanodisc and the spacing between ad-
jacent nanodiscs within a nanonecklace
on the basis of the chain lengths (that is,
molecular weights) of PAA and PS in
PAA-b-PS diblocks that are constrained
on an a-CD and experience the steric re-
pulsion from the adjacent a-CD–threaded
PAA-b-PS diblocks, and compare them
with experimental observations, would
provide useful insight into the nanoneck-
lace formation. First, the phase behaviors
of star-like diblock copolymers without
being threaded in PEG chain were inves-
tigated. Because mixed solvents of DMF

and BA were used in the experiment, in which DMF is a good solvent
for both PAA and PS, and BA is a good solvent for PAA, the param-
eters chosen in calculation were cABN = 350, cASN = 290, cBSN = 320
Xu et al. Sci. Adv. 2015;1:e1500025 27 March 2015
(A and B blocks refer to the inner PAA and outer PS blocks, respec-
tively), and the polymer concentration � = 0.35 (see Materials and
Methods). The latter is reasonable to describe the local concentration
Fig. 4. Formation mechanisms of (A)

spherical nanoparticle and (B) 1D nano-
necklace. The growth of Fe3O4 nanonecklace
was taken as an example in (B). The forma-
tion of Fe3O4 nanonecklace underwent the
coordination interaction between the pre-
cursors and amphiphilic star-like PAA-b-PS
diblock copolymer constituents, followed
by the hydrolysis and condensation reac-
tion at elevated temperature to yield Fe3O4

nanonecklace.
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