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ABSTRACT: We report herein single-walled carbon nanotube-
induced polyethylene crystallization at the curved liquid/liquid
interface. A Pickering emulsion system comprised of poly-
ethylene (PE)/single-walled carbon nanotubes (SWCNTs)/1,2-
dichlorobenzene (DCB)/water is formed using probe sonication
at an elevated temperature. SWCNTs are used as the Pickering
agents, and they are bent into nanosized rings by the curved
DCB/water interface. Upon cooling, PE crystallizes onto
SWCNTs, forming kebab single crystals, and the PE lamellae
are orthogonal to the DCB/water interface. The unique structure
resembles nanohybrid shish kebab (NHSK) rings.

Polymer crystallization confined at the liquid/liquid inter-
face (L/L) has attracted increasing attention during the

past decade. One such example can be found in crystalline
polymer blends, where L/L phase separation (e.g., spinodal
decomposition) couples with crystallization.1 For polymer
solution crystallization, a different scenario arises, and polymer
single crystals may form at the L/L interface.2 Lotz et al.
reported that, in polyethylene (PE) solution crystallization,
upon cooling the solution from high temperature, L/L phase
separation can occur prior to PE crystallization.2a In such a case,
PE crystalline microspheres are formed with a distinct smooth
or rough surface due to homogeneous or heterogeneous
nucleation, respectively. To decouple these two nucleation
processes and study the interface/nucleation effect on
crystallization, it is desirable to precisely locate nucleation
agents at the L/L interface. One possible strategy to achieve
such a goal is using Pickering emulsion.
In a water/oil/colloidal particle (W/O/P) system, particles

tend to segregate into a water/oil (W/O) interface to lower the
overall free energy of the system, a phenomenon known as
Pickering emulsion.3 The stability of the emulsion depends on
particle diameter and the interfacial energy between P/O, P/W,
and W/O.4 Numerous micro- and nanoparticles have been
studied in Pickering emulsion systems.5 In addition to spherical
nanoparticles, anisotropic nanorods6 and carbon nanotubes
(CNTs)7 have also been assembled at the L/L interface. We
have recently showed that single-walled carbon nanotubes
(SWCNTs) can be used as Pickering agents to create
miniemulsion, where the SWCNTs are bent into nanorings
with a diameter ranging from 100 nm to ∼micrometers.8

Because SWCNTs have been used to nucleate crystallization of
numerous polymers,9 the precise location of the SWCNT at the
W/O interface provides a unique opportunity to study
heterogeneous nucleation at the L/L interface. Herein we
report PE solution crystallization in a Pickering emulsion

system where SWCNTs are used as the Pickering agents.
SWCNT-induced PE single-crystal growth at the W/O
interface in this system leads to a unique hybrid structure
with the SWCNT bundles forming a nanosized ring, and
polymer crystals align orthogonal to the W/O interface. The
overall structure mimics a nanospike necklace. Of interest is
that, disregarding the significant different surface tension of
water and oil, the polymer single crystals show similar growth
rates in these two phases, orthogonal to the SWCNT axis. A
detailed growth mechanism will be discussed.
Scheme 1a shows our PE solution crystallization process in a

SWCNT-stabilized Pickering emulsion. In brief, 0.01 wt %
SWCNTs are dispersed in 1,2-dichlorobenzene (DCB) using
probe sonication at room temperature. The dispersion is
brought to 98 °C and equilibrated for 10 min. A PE/DCB
solution with a concentration of 0.01 wt % is prepared at 120
°C and cooled to 98 °C. A 0.1 mL SWNCT dispersion is then
mixed with 0.1 mL of PE/DCB solution and 8 mL of water.
The system is subject to 10 min probe sonication to yield an
emulsion, which then is quenched to room temperature for
crystallization for approximately 15 min. PE is chosen as the
model polymer because of its well-known crystalline structure,
morphology, and crystallization behavior in DCB. In addition,
SWCNTs are known to be able to induce PE crystallization,
and a unique nanohybrid shish kebab (NHSK) structure, where
SWCNTs act as the shish and PE single crystals as the kebabs,
has been observed in solution, thin film, and bulk PE/SWCNT
systems.10 Figure 1a shows a typical transmission electron
microscopy (TEM) bright field image of NHSK nucleated by
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SWCNTs in solution. The inset in Figure 1a is a schematic
representation of an NHSK.
Figure 1b shows typical SWCNT nanorings formed at the

curved water/DCB interface upon Pickering emulsion.8 A
bundle of SWCNTs is bent to follow the curved L/L interface

and eventually forms an enclosed nanosized ring (Scheme 1b).
A detailed SWCNT ring formation process has been reported
previously.8 Using these SWCNT nanorings as the nucleation
agent and following the above-discussed procedure, PE single
crystals can be controlled to grow at the L/L interface. Figure
1c displays a bright-field TEM micrograph of the resultant
structure grown from the Pickering emulsion system with a 1:1
PE/SWCNT weight ratio. A ring-shaped nanohybrid shish-
kebab structure (NHSK nanoring) is formed, and the entire
hybrid also mimics a nanospike necklace. PE chains crystallize
along the surface of the SWCNTs, forming crystalline lamellae
wrapping around the nanotube backbone. Edge-on PE crystals
are strung together by SWCNTs. In Figure 1c, the overall
diameter of the hybrid ring is ca. 2 μm; there are ∼50 edge-on
PE lamellar single crystals grown on the ring; and each lamella
is ca. 200 nm wide. To better characterize the 3-dimensional
(3D) structure of the hybrid ring, TEM tomography was
employed.11 The small black dots in Figure 1c−e are gold
nanoparticles (AuNPs), which were used as fiducial markers to
align the tilt series images during tomography reconstruction.
Images were collected from −60° to +60° with an interval of
1.5°. Figure 1d and 1e are the top and tilted view of the
reconstructed images of the hybrid ring in Figure 1c. A 3D
rotation movie of the reconstructed hybrid ring can be found in
the Supporting Information. The formation of this NHSK
nanoring suggests that SWCNTs are bent into nanorings first
during the miniemulsion process. After being quenched to
room temperature, PE starts to crystallize (Scheme 1b). Figure
1d,e and the video in the Supporting Information show that the
PE lamellae are orthogonal to the SWNT ring plane, indicating
that SWCNTs are the nucleation agents for PE crystallization.
In a typical PE NHSK (Figure 1a), the PE crystal grows

orthogonal to the CNT axis, and the formation process is
governed by the size-dependent soft-epitaxial growth mecha-
nism as previously reported.10d,12 To elucidate the chain
orientation relative to the SWCNT, selected area electron
diffraction (SAED) was employed. Figure 2 shows the TEM

image of an individual NHSK nanoring and its corresponding
SAED pattern with the correct orientation. On the basis of the
previous argument, each kebab crystal should contribute one
pair of (002) diffractions with [002] perpendicular to the
lamellar surface. However, in Figure 2b, only one pair of (002)
is observed, which can be associated with two kebab lamellae in
Figure 2a (indicated by red arrows). Besides (002), multiple
pairs of (200), (110), and (020) diffraction spots can be
observed in the pattern. Indicated by a double-headed arrow in
Figure 2b is the (200) pair that is from the two highlighted (red
arrow) kebabs in Figure 2a. Lack of (002) diffraction from most
kebabs and the observation of multiple sets of (200), (110),

Scheme 1. (a) Fabrication Process of NHSK Rings Using
Controlled Nucleation/Crystallization at the L/L Interface
and (b) Formation Process of SWCNT-Stabilized Droplets
and the Orthogonal Crystallization Process at the L/L
Interface

Figure 1. (a) TEM image of straight NHSK. The inset shows the
schematics of the NHSK. (b) SEM micrograph of bare SWCNT rings.
(c) Bright-field TEM image of an NHSK ring formed using a 1:1 PE/
SWCNT ratio. The inset shows the schematics of the NHSK ring. (d)
and (e) show the top and tilted view of the reconstructed image of (c)
using TEM tomography.

Figure 2. TEM micrograph of a NHSK ring (a) and its corresponding
electron diffraction pattern (b).
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and (020) can be attributed to deformation of PE lamellae
upon sample preparation. Because PE lamellae are thin and do
not have a uniform size, upon deposition, they tend to deform
and are therefore tilted from the film normal. The
corresponding (002) diffractions are then tilted away from
the registration plane and are absent from the shown diffraction
pattern. The collapsed lamellae (green arrows) also produce
(hk0) diffractions, which are observed in Figure 2b.
Since SWCNTs are bent into nanorings by the water/DCB

interface,8 they represent where the interface is during PE
crystallization. Figure 1c shows that, on average, the SWCNTs
pass through the center of the PE lamellae; i.e., the lamella
width within the DCB droplet is similar to that out of the
droplet (din and dout in Figure 1c, inset), suggesting that during
the crystal growth the radial growth rates of PE lamellae toward
the DCB and water phase are similar. This is intriguing as the
interfacial energies of DCB/PE and water/PE are significantly
different [4.3 and 43.3 mN/m, respectively (see SI)]. To
further confirm this observation, NHSK nanorings with various
PE lamellar sizes were obtained using different PE/SWCNTs
weight ratios, varying from 10:1 to 50:1. Figure 3 shows that, as

the PE/SWCNT weight ratio increases, the PE lamellar crystal
size increases from ca. 200 nm for 10:1 to ca. 700 nm for 50:1.
Even when one side of the PE lamellae reaches the center of the
ring, the lamellae remain relatively symmetric (red arrow points
to the SWCNTs) about the tube. Figure 3d plots dout, din, as
well as their ratio versus the reduced PE concentration, Vc/2πR
∼ R2c, where R is the radius of the ring (DCB droplet), V the
volume of the DCB droplet, and c the PE concentration. When
the PE/SWCNT ratio = 1:1 and 10:1, dout and din are the same
within the experimental error. When the ratio increases to 20:1
and 50:1, crystal growth fronts in the droplet start to interfere
inside the droplet (green arrows in Figures 3b and c), and dout
becomes slightly greater than din, reaching a dout/din of ∼1.2 .

These results confirm that PE single crystals have similar
growth rates in water and DCB phases during emulsion
solution crystallization.
Similar growth rates of PE lamellae in two distinct liquid

phases mean that, at the growth fronts within and outside of the
DCB droplet, PE concentration and diffusion rates are similar.
To explain this intriguing phenomenon, we postulate that an
undulated DCB droplets is formed during the single crystal
growth process. As shown in Scheme 2, during the

emulsification process at high temperature, SWCNTs wrap
around the water/DCB interface, and PE dissolves in the DCB
phase. After being quenched to room temperature, PE starts to
nucleate onto the surface of the SWCNTs. At this stage, the
water/DCB interface also starts to become undulated to
accommodate PE crystal “protrusion” into the water phase
from SWCNTs. This rough interface also provides a physical
path for PE chains to diffuse to the crystal growth front, similar
to polymer thin film crystallization.13 As the PE crystals further
grow, the water/DCB interface continues to deform until the
completion of the crystallization (Scheme 2b). To confirm this
postulation, we first estimated the amount of DCB needed to
protrude into the original water phase and cover the undulated
interface (noted as Vinter). We assume the original DCB droplet
radius R does not change during the entire crystallization
process (because once the crystallization takes place the PE
crystals physically lock the SWCNT ring, which pins the L/L
interface); the total fold surface area of the PE crystal is S; the
thickness of the DCB layer to cover the side of the PE crystals
is t; and the number of PE crystals in one ring is N (as shown in
Scheme 2b). Considering symmetrical distribution of kebab
crystals around the tube, the percentage of the DCB that is
required to provide the polymer diffusion path can therefore be
estimated using eq 1

π
≈

V
V

StN
R

inter

droplet
4
3

3
(1)

For a typical NHSK ring, S = ∼40 000 nm2, N ∼ 15−50, and
R ∼ 0.5−1 μm, assuming a DCB layer of ∼20 nm leads to
Vinter/Vdroplet < 1%. Thus, the DCB droplet just needs to slightly
deform to provide a diffusion path for PE chains.
Second, we calculate the free energy difference among the

three states shown in Scheme 2. Scheme 2a shows the system
before PE crystallization. Scheme 2b and 2c represent the states
after PE crystallization. The PE lamellae in the water phase are
covered with a thin layer of DCB in Scheme 2b, whereas they

Figure 3. NHSK rings made with different PE/SWCNT weight ratios:
(a) 10:1; (b) 20:1; and (c) 50:1. Scale bar is 200 nm. (d) Plot of the
outer and inner kebab width and their ratio versus reduced PE
concentration. The reduced PE concentration is controlled by varying
the feeding ratio of PE and SWCNT from 1:1, 10:1, 20:1 to 50:1.

Scheme 2. NHSK Ring Formation Mechanisma

a(a) SWCNTs wrapping around the DCB droplet and PE dissolves in
the DCB droplet; (b) PE crystals grow at the undulated water/DCB
interface; (c) NHSK rings with the outer PE crystals directly
contacting the water phase; (d) PE chains align parallel to the CNT
axis.
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are in direct contact with water in Scheme 2c. Since PE
concentration is very low and the lateral surface free energy can
be neglected, the free energy changes can be calculated as
follows.
From a to b

γ γ

Δ = Δ − Δ

= + − Δ

→G G G

SN SN Hn( 0.5 )

a b interface crystallization

PE/DCB DCB/H O2 (2)

From b to c

γ γ γΔ = − −→G SN0.5 ( )b c PE/H O PE/DCB DCB/H O2 2 (3)

ΔH is the heat of fusion of PE, which is 3.430 kJ/mol at 300
K,14 and n is the moles of PE repeating units in one NHSK
ring. γPE/DCB = 4.3 mN/m (see SI), γDCB/H2O = 40 mN/m,

γPE/H2O = 43.3 mN/m (see SI), therefore ΔGa→b = −1.17 ×
109kBT and ΔGb→c = −2.43 × 105kBT.
The above calculation shows that Scheme 2c is the global

minimum energy state, although the free energy difference
between Scheme 2b and 2c is small [(γPE/H2O − γPE/DCB −
γDCB/H2O) ∼ 0]. Nevertheless, the undulated L/L interface in
Scheme 2b facilitates PE free chains to diffuse to the growth
front of the lamellae outside the SWCNT ring and leads to a
relatively symmetrical PE lamellae around SWCNTs. The
energy gain upon crystallization is significantly greater
compared with the surface free energy penalty upon creating
the undulated interface, and Scheme 2b therefore is the
intermediate state for interface crystallization.
In summary, NHSK nanorings have been formed using a PE/

SWCNTs/DCB/water system, where SWCNTs are used as the
Pickering emulsion agents. SWCNTs are bent to nanorings by
the curved DCB/water interface. These SWCNTs nucleate PE
crystallization upon cooling, leading to NHSK nanorings. PE
lamellae are perpendicular to the SWCNT axis, indicating that
the crystal growth is orthogonal to the DCB/water interface.
More interestingly, the growth rates of PE lamellae within and
out of the DCB droplets are similar. We attribute this
observation to the undulated DCB/water interface induced
by PE crystal growth.
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