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ABSTRACT: Polymer/inorganic functional nanostructures are
essential for the fabrication of high-performance nanodevices in
the future. The synthesis of hybrid nanostructures is hindered by
complicated synthetic protocols or harsh conditions. Herein, we
report a facile and scalable method for the synthesis of organo-
metallic polymer nanoribbons through crystallization of polymers
capped with a ferrate complex. Nanoribbons consisted of a single
crystalline polymer lamella coated with a redox-active ferrate
complex on both sides. The nanoribbons had a width of
approximately 70 nm and a thickness of 10 nm. With the merit of
highly ordered crystalline structures of polymers and functional coating layers, as well as a highly anisotropic nature, the
nanoribbons are useful in nanodevices and biosensors.

Highly anisotropic nanomaterials such as one-dimensional
nanoribbons are crucial as building blocks for the

fabrication of nanodevices with high performances.1 For
instance, electrically conductive nanoribbons are identified as
connecting cables in nanodevices in the future.2 In the past few
decades, the synthesis of inorganic nanomaterials such as
carbon nanotubes and gold nanowires through chemical vapor
deposition or hydrothermal technique have been extensively
investigated.3 In contrast, there are limited works on the
synthesis of polymer/inorganic hybrid nanostructures. In this
regard, hybrid nanomaterials combine synergistically the
inherent properties of their parent constituents and generate
new functions to meet demands in engineering sectors.
However, it is difficult to synthesize polymer-based nanoma-
terials with desirable compositions and structures through
conventional approaches due to harsh synthetic conditions such
as high temperature rendering the polymer to decompose
during synthesis.
Self-assembly of polymers is emerging as a versatile approach

for synthesis of hybrid nanomaterials.4 Polymers with multiple
components and functional units self-assemble into nanostruc-
tures with functional units-enriched nanodomains in bulk or
solution.5 Self-assembly of polymers can be regulated by the
rational design of polymers, affording access to nanomaterials

with multiple components and controlled morphologies.
Manners and co-workers have synthesized cylindrical micelles
with iron-enriched cores by living self-assembly of poly-
(ferrocenyldimethylsilane) based copolymers.6 Self-assembly
of cyanoferrate-containing amphiphilic block copolymers and
subsequent coordination of cyanoferrate with Fe3+ ions resulted
in polymer/Prussian blue hybrid nanostructures for drug
encapsulation and controlled release applications.7 In addition,
postfunctionalization of self-assembled particles of block
copolymers using functional nanoparticles is an alternative
approach to hybrid nanostructures with internal nanophases. A
variety of nanoparticles, including gold, titania, fullerence, and
silica, have been incorporated into polymer matrices with
controlled locations for energy applications.8 Although these
techniques enable access to hybrid nanostructures with
controllable morphologies, they involve the use of block
polymers. Complicated synthetic protocols and the availability
of proper block copolymers limited the synthesis of hybrid
nanomaterials and their applications in engineering sectors.
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Developing new strategies for facile and scalable synthesis of
hybrid nanomaterials is highly desirable.
Crystallization is a naturally occurring self-assembly process.9

Macromolecular chains fold back and forth to form lamellae
during crystallization, which offers a new opportunity for
synthesis of anisotropic nanomaterials. Closely packed polymer
chains endow the ultimate materials with advanced properties
such as superior reduction in gas permeability compared to
their amorphous counterparts.10 Polymer crystals grow in two-
dimensional directions to form infinite lamellae with a thickness
of approximately 10 nm.11 Such polymer lamellae with given
thickness are promising materials for the fabrication of
nanostructures. The problem lies in how to control the growth
of crystals to form nanostructures with defined shapes. Herein,
we reported a facile approach to control crystallization of
polymers. We demonstrated that capping of crystallizable
polymers with a metal complex resulted in the formation of
nanoribbons of 70 nm in width and several microns in length
during crystallization, as illustrated in Scheme 1. The functional

metal complex was expelled out of polymer crystals during
crystallization and located on the surface. The approach
possesses the following overwhelming advantages: (1) simple
and easy synthesis protocols of end-functionalized homopol-
ymers, evading block copolymers synthesized through harsh
and fussy sequent living polymerization procedures; (2)
surface-enriched metal complex layers endow nanomaterials
designable functionalities; (3) synergistic integration of
fabrication and functionality processes, avoiding postfunction-
ality process. With the above-mentioned merits, such
crystallization-induced organometallic nanoribbons offer a
new opportunity for the synthesis of highly anisotropic
crystalline nanomaterials.
To synthesize polymer nanoribbons, poly(ε-caprolactone)

monoterminated with pentacyano(4-(dimethylamino) pyri-
dine) ferrate) (PCL-Fe, number-average molecular weight of
PCL used was 2000 g/mol, see Supporting Information (SI),
Figures S1−S6) in anhydrous tetrahydrofuran (THF; 0.5 mg/
mL) was spin-coated onto clean mica wafers at 900 rpm for 15
s, followed by 3000 rpm for 60 s at room temperature. The
fresh polymer films were annealed in vacuum at 40 °C for 12 h
to allow PCL-Fe to crystallize.
Morphology of PCL-Fe was characterized using tapping

mode atomic force microscopy (AFM) and transmission
electron microscopy (TEM). AFM images showed that PCL-
Fe formed nanoribbons of 70 nm in width and several microns
in length (Figure 1A). The nanoribbons entangled together to

form grains. The thickness of nanoribbons was estimated to be
approximately 10 nm, suggesting that nanoribbons consisted of
a single lamella. TEM images further confirmed the formation
of nanoribbons (Figures 1B and S7). Effort to acquire TEM
images at higher magnitude and elemental mapping was
unsuccessful due to melting and decomposition of polymer
nanoribbons upon exposure to intense electron bombardment.
The EDX spectrum of the nanoribbons confirmed the presence
of an iron element.
Surface composition of PCL-Fe nanoribbons was analyzed

using time-of-flight secondary ion mass spectrometry (TOF-
SIMS), which typically provides the surface composition of the
outermost 1−2 nm of a sample.12 As shown in Figure 2A, the

positive TOF-SIMS spectrum of PCL-Fe nanoribbons was
composed of the fragments from both PCL backbones and end
groups of ferrate complex. In particular, the fragment at m/z =
115 (C6H11O2

+) represented the repeat units of PCL, while the
fragment at m/z = 415 (C14H17FeN8Na2O

+) was ascribed to
the ferrate complex (Table S3). This result was in good
agreement with the chemical structure of PCL-TPE (Scheme
1).
In order to determine whether the ferrate complex was on

the surface, two different experimental approaches were

Scheme 1. Schematic Illustration of Crystallization-Induced
Organometallic Polymer Nanoribbons

Figure 1. (A) AFM image (image size: 2.5 × 2.5 μm2) and (B) TEM
image of polymer nanoribbons. Inset is the EDX spectrum obtained
from image (B).

Figure 2. (A) Positive TOF-SIMS spectrum of PCL-Fe nanoribbons
using Bi3

+ as primary ion beam and (B) TOF-SIMS intensity ratio
(I415/I115) of PCL-Fe nanoribbons as a function of temperature.
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used.11a The first approach was to compare the relative
intensity of the end group versus the PCL repeat unit at
different sampling depths, which could be realized using two
different primary ion beams (Bi3

+ and C60
+). This is because the

sampling depth is dependent on the size of primary ion beams
under identical ion dosage, and a smaller size ion beam
provides a deeper sampling depth.12a,b For the PCL-Fe
nanoribbons, the TOF-SIMS intensity ratio between the peak
at m/z = 415 and that at m/z = 115 (I415/I115) was 5.3 × 10−2

when using smaller Bi3
+ ions as the primary ion beam, which

was only 1/3 of that using bigger C60
+ ions as the primary ion

beam (16 × 10−2). This showed that ferrate complex fraction
decreased drastically with increasing sampling depth, revealing
that ferrate complex moieties were located on the surface of
PCL-Fe nanoribbons.
The second approach was to compare the surface

composition of PCL-Fe nanoribbons at various temperatures
using C60

+ as the primary ion beam. As displayed in Figure 2B,
the intensity ratio I415/I115 started to decrease from 35 °C and
decreased abruptly after the melting temperature of PCL-Fe
(49.2 °C). At 65 °C, the intensity ratio was only 1/6 of that
obtained on PCL-Fe nanoribbons (25 °C). Since PCL-Fe was
thermostable and did not decompose at 65 °C (Figure S6),13 it
is expected that at 65 °C the PCL-Fe lamellae were melted and
the end groups of the ferrate complex were randomly
distributed across the whole polymer film.12b As a result, the
surface ferrate complex concentration at the molten state is
much lower compared to that of nanoribbons. Based on the
TOF-SIMS results, the grafting density of ferrate complex
moieties was estimated to be 5.4 × 1017 m−2, and the coverage
ratio of the ferrate complex on PCL-Fe nanoribbons was 10.3%
(SI).
The TOF-SIMS results suggest that the end groups of ferrate

are expelled out of PCL crystals during the crystallization of
PCL segments. This results in ferrate moieties coating on the
surface due to tethering to polymers. Two possible reasons are
considered: (1) size mismatch between of ferrate moieties and
PCL crystal cell14 (Schemes S1 and S2, SI); (2) low miscibility
between chemically distinct composition of PCL and ferrate
complex. Moreover, it has been reported that small end groups
such as thiol, hydroxide, carboxyl acid, and benzyl were
excluded from crystal cell of polymers and are finally located on
the surface.15 Ferrate moieties are much larger than these
groups and should have a higher chance to locate on the surface
of PCL-Fe crystals, as schematically illustrated in Scheme 1.
We monitored the morphological evolution of PCL-Fe

during annealing. Fresh PCL-Fe films showed lamellar
structures, as shown in Figure 3A. Surface of polymer films
roughened obviously and granular grains formed when
annealing the fresh films at 40 °C for 4 h. Further annealing
for 8 h led to the appearance of nanoribbons with a width of 70
nm. After annealing for 12 h, lamellar structures completely
disappeared and nanoribbons with uniform width formed. In
fresh PCL-Fe films prepared by spin coating, PCL macro-
molecules mainly existed as amorphous coils due to rapid
evaporation of solvent. Annealing of PCL-Fe films initiates
crystallization of PCL, accompanied by the formation of
nanoribbons.
Crystallization of PCL-Fe during annealing was followed

using polarizing optical microscopy (POM; Figure 4). POM
images of fresh films showed isolated bright dots throughout
observation field, implying less ordered structures of nascent
PCL-Fe films due to low crystallinity. Fan-like bright motifs

were observed for PCL-Fe films annealed for 4 h. Annealing for
8 h gave rise to larger fan-like patterns. Further annealing for 12
h led to the formation of perfect spherulites. This verified that
crystallinity of PCL-Fe films was significantly enhanced during
annealing treatment.
Microstructures of nanoribbons were further investigated

using XRD. XRD spectrum of PCL-Fe nanoribbons showed
two distinct diffraction peaks at 21.3° and 23.6° associated with
(110) and (200) diffraction plane of PCL orthorhombic
crystals, respectively, confirming that PCL crystallized (Figure
S9, SI). In contrast, fresh PCL-Fe showed a broad and weak
peak at 21.3° and 23.6°, respectively, indicating low crystallinity
of fresh PCL-Fe films.
To understand the formation of PCL-Fe nanoribbons, in a

control experiment, morphology of unmodified PCL2k was
investigated. Not ribbon-like, but lamellar morphology was
observed for PCL2k (Figure S10, SI). It is apparent that the
distinct difference in morphology between PCL and PCL-Fe is
derived from end-capping of PCL with ferrate complex. For
PCL-Fe, negatively charged ferrate is expelled out of polymer
lamellar crystals and resides on the surface during crystallization

Figure 3. AFM images of polymer nanoribbons annealed for various
times (A) 0, (B) 4, (C) 8, and (D) 12 h. Image size: 10 × 10 μm2.

Figure 4. Polarizing optical microscopy (POM) images of PCL-Fe
films annealed for various durations (A) 0, (B) 4, (C) 8, and (D) 12 h.
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of PCL macromolecules. We believe that the charge
distribution on the surface of PCL crystals is different along
different directions, leading to different growth rates of the
PCL, thus, nanoribbons, instead of common hexagonal PCL
single crystals, are formed. When a certain amount of ferrate
gathers on the surface, accumulated charge prevents uncrystal-
lized PCL-Fe from attaching to crystalline site to some extent
due to electrostatic repulsion. Moreover, the steric effect of
bulky ferrate complex also hinders the diffusion of PCL-Fe
macromolecules toward crystalline sites. The balance between
driving force of crystallization and repulsing force including
electrostatic interaction and steric effect leads to the formation
of nanoribbons with given width.
To further confirm the above conclusion, neutral tetraphe-

nylethene was used to cap PCL (PCL-TPE, Scheme S3, Figure
S11, SI). Not ribbons, but lamellae were observed for PCL-
TPE, as expected. This further verified that charged ferrate
complex is crucial for the formation of ribbons. The nature of
polymer backbone also plays a role in the formation of ribbons.
Polyethylene capped with ferrate complex (PE-Fe, Scheme S4,
Figure S12, SI) formed tiny flowers consisted of lamellae
possibly due to strong crystallizability of polyethylene
compared to PCL.13b

We investigated the effect of ferrate fractions on morphology
of PCL-Fe. Ferrate fractions of PCL-Fe were regulated by
changing molecular weight of PCL. PCL-Fe with higher
molecular weights of PCL means lower ferrate fractions since
ferrate complex is an end group (Table S1, SI). AFM images
(Figure 5) showed that PCL-Fe with PCL molecular weight of

5 kg/mol (PCL5k-Fe) also formed nanoribbons of 70 nm in
width. Further increasing molecular weight of PCL to 10 kg/
mol, PCL10k-Fe formed lamellae together with a small portion
of nanoribbons. Interestingly, the width of nanoribbons
remained unchanged (approximately 70 nm) regardless of
molecular weight of PCL-Fe. This facilitates the synthesis of
nanoribbons in engineering sectors. PCL-Fe with various
molecular weights (PCL2k-Fe, PCL5k-Fe, and PCL10k-Fe)
exhibited similar crystallinity (46.5, 49.5, and 46.5%,
respectively, SI, Table S2), showing comparable driving force.
On the other hand, repulsing force including electrostatic
interaction and steric effect associated with ferrate complex was
also similar for PCL-Fe with various molecular weights. Thus,
nanoribbons with similar width were formed for PCL-Fe,
independent of molecular weight of PCL-Fe. For PCL-Fe with
high molecular weight (i.e., PCL10k-Fe), parts of PCL
segments together with ferrate complex formed nanoribbons,
while another extra PCL segments formed lamellae. Thus, both

nanoribbon and lamellae formed for PCL-Fe with high
molecular weight (PCL10k-Fe).
Given the surface-enriched ferrate complex in PCL-Fe

nanoribbons, we investigated their electrochemical behavior
using cyclic voltammetry (CV). A typical CV curve for PCL-Fe
nanoribbons showed a set of distinct redox pair at E1/2 = 0.084
V with a peak separation of 167 mV, ascribed to Fe(II)/Fe(III)
transition (Figure S13, SI).16 This verified the formation of
regular ferrate layers through nanoribbons. For purpose of
comparison, CV curve for as-cast PCL-Fe films was also
scanned under identical conditions. A pair of weak redox peaks
was recognized. Compared with as-cast PCL-Fe films, nano-
ribbons exhibited 5-fold peak current. Such significantly
enhanced peak current is likely due to surface-enriched ferrate
in PCL-Fe nanoribbons.
In summary, organometallic polymer nanoribbons have been

successfully synthesized through crystallization of ferrate-
capped polymers. Nanoribbons consisted of a single crystalline
polymer lamella coated with redox-active ferrate complex on
both sides. The nanoribbons had a width of approximately 70
nm and thickness of 10 nm. The nanoribbons were
electrochemically active. Given facile and scalable synthetic
procedures, surface-enriched functional layers and closely
packed crystalline structures of the nanoribbons, the crystal-
lization-induced organometallic polymer nanoribbons offers
new opportunity for facile and scalable synthesis of highly
anisotropic functional nanomaterials.
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