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Mingyang Ji, a McKensie L. Mason, a David A. Modarelli b
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Achieving the co-assembly of more than one component represents an important challenge in the drive to

create functional self-assembled nanomaterials. Multicomponent nanomaterials comprised of several

discrete, spatially sorted domains of components with high degrees of internal order are particularly

important for applications such as optoelectronics. In this work, single-walled carbon nanotubes

(SWNTs) were threaded through the inner channel of nanotubes formed by the bolaamphiphilic self-

assembly of a naphthalenediimide-lysine (NDI-Bola) monomer. The self-assembly process was driven by

electrostatic interactions, as indicated by z-potential measurements, and cation–p interactions between

the surface of the SWNT and the positively charged, NDI-Bola nanotube interior. To increase the

threading efficiency, the NDI-Bola nanotubes were fragmented into shortened segments with lengths of

<100 nm via sonication-induced shear, prior to co-assembly with the SWNTs. The threading process

created an initial composite nanostructure in which the SWNTs were threaded by multiple, shortened

segments of the NDI-Bola nanotube that progressively re-elongated along the SWNT surface into

a continuous radial coating around the SWNT. The resultant composite structure displayed NDI-Bola

wall thicknesses twice that of the parent nanotube, reflecting a bilayer wall structure, as compared to the

monolayer structure of the parent NDI-Bola nanotube. As a final, co-axial outer layer, poly(p-

phenyleneethynylene) (PPE-SO3Na, MW ¼ 5.76 � 104, PDI – 1.11) was wrapped around the SWNT/NDI-

Bola composite resulting in a three-component (SWNT/NDI-Bola/PPE-SO3Na) composite nanostructure.

Introduction

The functional competence of synthetic materials that mimic

nature depends on the precise positioning and synergistic

action of multiple, discrete components, which are organized

within higher order structures.1–4 Composite nanomaterials

have shown remarkable potential for applications in biomedi-

cine,5,6 catalysis7–11 and energy conversion.12–14 The physical

properties of these systems critically rely on the topological and

spatial relationships of each domain within the composite.15,16

However, assembling multicomponent nanomaterials with this

level of positional dexterity is hampered by the complexity of

self-assembly.17–19 There is a critical need for new strategies to

assemble composite structures comprised of multiple classes of

nanomaterials with nanoscale precision.20–26 In this work, we

describe the co-assembly of carbon nanotubes (CNTs), self-

assembled nanotubes and polymers into a single, co-axial

nanotube.

Highly efficient optoelectronic materials contain segregated,

bicontinuous arrays of donor and acceptor nanodomains, but

are challenging to create by self-assembly.27–37 Single-walled

carbon nanotubes (SWNTs) have continuous 1D structures

that exhibit electronic properties ideally suited for optoelec-

tronic applications.38 However, the detrimental bundling and

insolubility of SWNTs severely restricts the processability and

performance of devices containing SWNTs. Polymer-wrapping

has proven to be a versatile strategy to reduce bundling and

enhance the solubility of SWNTs, as well to impart favorable

electronic and mechanical properties.39–42 However, the carbon

nanotube–polymer interface is oen weak and the long-range

structure of the polymer segment is hard to control.43 For

example, a prior study demonstrated that one polymer could

displace another on a SWNT surface.44 The competitive binding

between SWNTs and different polymers, along with the poten-

tial for the interpenetration of polymer layers, complicate the

implementation of this strategy to construct ordered nano-

structures comprised of multiple, self-sorted components.44–46

Peptides have also been developed to encapsulate SWNTs as

a method to modify their surfaces. For example, peptide

amphiphiles were assembled onto the surface of carbon
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nanotubes in a manner that projected the hydrophilic peptide

sequence toward the aqueous interface, thereby dispersing the

nanotubes in water.47 Similarly, alpha-helical, coiled-coil

peptide barrels have been shown to encapsulate carbon nano-

tubes within their internal pores.48 Single molecules were

wrapped around the SWNTs by incorporating recognition units

within U-shaped acyclic precursors to provide a strong binding

interaction, then using metathesis reactions to close the rings

and introduce a robust, mechanical link between the two

components.49,50 Similarly, Dieckmann developed a class of

amphiphilic peptides that closed around the circumference of

the SWNTs by reversible disulde bond formation.51 A recent

computational study suggested that interpeptide b-sheet inter-

actions stabilized the stacks of cyclized peptides.52 The forma-

tion of interlocked CNT complexes by a “ring toss”method that

threaded preformed cyclic compounds over CNTs has also been

achieved.53 These examples illustrate how CNTs can be wrapped

by small molecular rings formed by covalent cyclization. A

recent approach cyclized self-assembled, macrocyclic rings

around CNTs via intermolecular hydrogen-bond formation.54

The self-assembly of surfactants into supramolecular struc-

tures on the surface of carbon nanotubes represents an early

method to create stable CNT suspensions in water via non-

covalent interactions.55 Self-assembly offers several advantages

as a strategy to encapsulate SWNTs. The highly reversible nature

of the self-assembly process allows for dynamic error correction

and energy minimization, resulting in a thermodynamically

optimized composite structure with high water solubility and

more complete coverage. The high degree ofp–p stacking in the

self-assembled coating thus leads to a hierarchically ordered

structure with p-conjugation in both domains of the composite.

Our approach relies on the self-assembly of NDI-Bola, which

forms highly uniform nanotubes in water projecting polar

zwitterionic head groups on the surface and in the internal pore

of the nanotube.56 In this work, we show that the self-assembly

of NDI-Bola nanotubes efficiently encapsulates SWNTs via

electrostatic and cation–p interactions, resulting in a homoge-

neous array of coaxial composites of carbon nanotubes threa-

ded through self-assembled nanotubes. A ternary coaxial

composite was then created by introducing an outer semi-

conducting polymer layer.

Results and discussion

Previously, we reported the self-assembly of NDI-Bola into well-

dened nanotubes in water.56 Self-assembly proceeded via the

initial formation of monolayer rings that progressively stacked

into well-dened nanotubes with inner diameters of �7 nm and

wall thicknesses of 2.5 � 0.5 nm. The interior of the NDI-Bola

nanotubes is highly polar due to the amino acid headgroups of

the monomer andmight be expected to be incompatible with the

hydrophobic surface of a carbon nanotube. However, the p-

electron-rich surface of SWNTs has recently been shown to bind

to cations such as sodium57,58 and mediate their migration,59

presumably via a cation–p interaction.60,61 Thus, the potential for

cation–p interactions between protonated headgroups of the

NDI-Bola interior and the SWNT surface prompted us to explore

the ability of NDI-Bola to encapsulate the carbon nanotubes.

Accordingly, NDI-Bola nanotubes were mixed with pristine,

commercial SWNTs (60–70%; bundles, 2–10 nm; individual

SWNT diameters, 1.55 nm (RBM), 2.1–2.3 (TEM) see Fig. S1†) and

repeatedly sonicated until the mixture formed a homogeneous

dispersion. Imaging the dispersion by transmission electron

microscopy (TEM) revealed individual SWNTs encapsulated by

the NDI-Bola nanotube fragments and protruding from the ends

(Fig. S2†). The z-potential of the resulting pristine SWNT/NDI-

Bola dispersion (pH 3.22) was 40.4 � 4.0 mV, similar to that of

the precursor NDI-Bola nanotubes (z ¼ 45.5 � 6.6 mV) under

similar conditions (1 mM, pH 3.16) (Fig. S3†). The insignicant

change in z-potential upon encapsulation of pristine SWNTs

suggested that binding was driven by non-electrostatic forces,

such as the cation–p interaction (Fig. 1).

Although this process effectively encapsulated the pristine

SWNTs, the homogeneity and yield of the SWNT/NDI-Bola

Fig. 1 The assembly of SWNT/NDI-Bola nanotubes. Sonication-

induced fragmentation of NDI-Bola nanotubes facilitate threading of

the SWNTs through the inner channel of shortened NDI-Bola nano-

tubes via electrostatic and cation–p interactions. The shortened NDI-

Bola segments threaded along the SWNT surface gradually merged

together via self-healing. After incubation, the resulting coaxial SWNT/

NDI-Bola assemblies were separated from uncomplexed SWNTs and

excess NDI-Bola nanotubes by centrifuging at 5000 rpm.

This journal is © The Royal Society of Chemistry 2019 Chem. Sci., 2019, 10, 7868–7877 | 7869

Edge Article Chemical Science

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 0

1
 A

u
g
u
st

 2
0
1
9
. 
D

o
w

n
lo

ad
ed

 o
n
 1

0
/1

3
/2

0
1
9
 1

:2
3
:0

7
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online



composite was limited by the presence of amorphous carbon

impurities, metallic catalyst particles with carbon shells, and

remaining bundled/knotted carbon nanotubes (Fig. S1 and

S2†). In order to improve the coaxial encapsulation, the pristine

SWNTs were polished and de-bundled by an acid treatment

(H2SO4/HNO3 3 : 1 at 70 �C)62,63 prior to mixing with precursor

NDI-Bola nanotubes. This debundling process converted the

SWNTs into shorter, individual strands (<500 nm) with open

ends (Fig. S19†). The preformed NDI-Bola nanotubes exhibited

a positive z-potential (56.3 � 4.0 mV; 2 mM, pH 3.46), whereas,

the acid-polished SWNTs showed a negative z-potential (�48.0

� 6.1 mV; 2 mM, pH 3.64) (Fig. S4†), due to the presence of

carboxylate groups at the nanotube ends. Thus, the encapsu-

lation would also be enhanced by complementary electrostatic

interactions between the SWNTs and the NDI-Bola nanotube.

We reasoned that the SWNTs would more efficiently thread

through shortened segments of the NDI-Bola nanotubes, as

compared with the natively formed, longer nanotubes. Previ-

ously, we observed that sonication-induced cavitation was

capable of cleaving the NDI-Bola nanotubes (�250–1000 nm),

into short nanotube fragments (#100 nm).64 These shortened,

metastable nanotubes re-assembled into their prior elongated

states over time through a self-healing process. Based on this

observation, shortened segments would be able to grow and

merge together along the SWNT surface to create a continuous,

coaxial supramolecular coating. Accordingly, polished SWNTs

suspended in water were mixed with preassembled NDI-Bola

nanotubes, then the mixture was successively sonicated three

times (10% of the maximum amplitude, 100 watts, ultrasonic

probe operated at 22.5 kHz) for 10 min. Each round of sonica-

tion was followed by a 6 h incubation period at 25 �C to induce

self-healing/elongation of the nanotube fragments. Aer a nal

12 h incubation, the SWNT/NDI-Bola composite formed a self-

supporting hydrogel (Fig. S6†), which was diluted and pelleted

by centrifugation (5000 rpm), yielding the SWNT/NDI-Bola

composite containing �3 wt% of SWNTs. The resulting pellet

and supernatants were analyzed by UV, uorescence and

Raman spectroscopy, and imaged by TEM (Fig. 2–5).

Evidence for the co-assembly of NDI-Bola nanotubes and the

SWNTs in the centrifuged pellets of the composite was apparent

in the absorption and uorescence spectra (Fig. 2 and S6†). UV-

Vis spectra of the aqueous dispersion of SWNT/NDI-Bola pellets

exhibited red-shis of 9 and 15 nm of band I (342, 359, 380 nm)

and band II (234 nm) of the NDI chromophore, respectively,

compared with monomeric NDI-Bola in TFE. The resemblance

of these red-shi peaks to that of the parent NDI-Bola nano-

tubes in water were indicative of a similar J-type packing present

in the composite.56 The broad absorption band of SWNTs in the

composite and the intensied scattering due to the formation of

a microgel increased the overall absorption of SWNT/NDI-Bola

composite. The supernatant displayed a slightly blue-shied,

low intensity peak attributed to a low concentration of NDI-

Bola, in both nanotube and monomeric form (Fig. S6a†). It is

important to note that, in contrast to the SWNT/NDI-Bola

composite, neither the NDI-Bola nanotubes nor monomer

form a pellet upon centrifugation at 5000 rpm. The emission

spectra of NDI-Bola nanotubes in water was characterized by

a relatively strong, low energy emission band at 450–525 nm. In

contrast, encapsulation of the SWNTs with NDI-Bola substan-

tially quenched the low energy emission band of NDI-Bola

nanotubes, with only the weak emission bands of the molecu-

larly dissolved NDI-Bola at 388 and 410 nm remaining

(Fig. S6b†). The quenching of the NDI-Bola emission indicated

Fig. 2 Absorption (black) and emission (red) spectra of SWNT/NDI-

Bola (solid) and NDI-Bola (dashed) in water. The concentrations of

NDI-Bola in all samples were 250 mM for UV-Vis and 1mM for emission

studies. All emission experiments were performed using 350 nm

excitation.

Fig. 3 (a) Raman spectra of aqueous suspensions of de-bundled

SWNTs (black) and SWNT/NDI-Bola composites (blue) excited at

785.0 nm (1.58 eV). (b) The radial breathing mode (RBM) and tangential

G-band of the de-bundled SWNTs (black) and SWNT/NDI-Bola

composites (blue). The spectra values shown represent the average of

at least ten measurements for each sample.

7870 | Chem. Sci., 2019, 10, 7868–7877 This journal is © The Royal Society of Chemistry 2019
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a close spatial relationship between the NDI-Bola nanotube and

the SWNTs, which permitted photoinduced electron or energy-

transfer.

Raman spectra provided more insightful information about

the spatial alignment within SWNT/NDI-Bola composite (Fig. 3).

The encapsulation of the SWNTs by NDI-Bola affected the

vibration frequencies of both the radial (RBM) and tangential

(G-band) movement of carbon atoms. Aer mixing with the

NDI-Bola nanotubes, the RBM and G-band of SWNTs shied

from 153.0 � 1.2 and 1590.6 � 0.8 cm�1 to 163.7 � 1.3 and

1593.9� 0.9 cm�1 (Fig. 3b and S22†), respectively, indicating an

increase in the elastic constant of vibrating carbon atoms in

SWNTs due to the formation of an NDI-Bola coating around the

SWNTs.65,66 Also, there was little broadening of the RBM and G-

bands in the composite, indicating the homogeneity of the NDI-

Bola layer around the carbon nanotubes. The intensity ratio of

D-band to G-band (ID/IG) increased from 0.24 for SWNTs to 0.35

for SWNT/NDI-Bola. The enhancement of the D-band can be

attributed to the eld disturbance and physical strain on the

graphite skeleton of SWNTs encapsulated by NDI-Bola, or slight

damage to the carbon lattice caused by sonication treatments

during the preparation of SWNT/NDI-Bola composites.65,67

TEM imaging of the SWNT/NDI-Bola mixture aer

sonication-induced fragmentation of the NDI-Bola nanotubes,

as a function of the incubation time, revealed a progressive

elongation of NDI-Bola wrapping layers around the SWNTs

(Fig. 4). For example, immediately aer applying the rst

sonication treatment (10% amplitude) to the mixture of SWNTs

and preformed NDI-Bola nanotubes, SWNTs partly covered by

NDI-Bola segments were observed throughout the sample.

However, a considerable amount of bare SWNTs randomly laid

across the surface of shortened NDI-Bola nanotubes were also

present (Fig. 4a). To enhance the ability of the SWNTs to thread

the nanotubes, additional sonication treatments were applied

to the sample to generate more shortened NDI-Bola nanotubes.

Accordingly, a second identical sonication treatment was

applied, and the resulting mixture was imaged aer incubating

for 0, 3 and 6 h (Fig. 4b). A progression from SWNT encapsu-

lated by short NDI-Bola to longer composite nanotubes from 0–

6 h could be observed in the TEM images. Moreover, the images

qualitatively revealed more co-axial SWNT/NDI-Bola structures

and the short NDI-Bola segments sliding along SWNTs were

observed to gradually merge into a continuous wrapping layer

around the SWNTs. Aer applying the third sonication, the

resulting mixture was incubated for 12 h to complete the

assembly of co-axial SWNT/NDI-Bola composite (Fig. 4c). Upon

the completion of assembly, the surface of SWNTs was fully

covered by NDI-Bola to form co-axial SWNT/NDI-Bola assem-

blies with diameters of�17 nm. Additional NDI-Bola nanotubes

(12 nm in diameter) and a few isolated SWNTs were also

observed in the mixture (Fig. 4c). The resulting mixture was

diluted with water and centrifuged (5000 rpm) to collect the

Fig. 4 Progressive morphological changes of the SWNT/NDI-Bola composite: TEM images of the mixture of SWNTs and preformed NDI-Bola

nanotubes (a) shortly after the 1st sonication, (b) after the 2nd sonication and incubated for 0, 3 and 6 h, and (c) after the 3rd sonication and

incubated for 12 h. Scale bars: 100 nm. (d) Structures of NDI-Bola nanotubes and co-axial SWNT/NDI-Bola composite.

This journal is © The Royal Society of Chemistry 2019 Chem. Sci., 2019, 10, 7868–7877 | 7871
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SWNT/NDI-Bola composite in the pellet. This resulted in the

selective pelleting of the composite nanotubes, whereas excess

NDI-Bola and a few isolated SWNTs remained in the superna-

tant (Fig. 5a). A semiquantitative comparison of the UV spectra

of obtained pellets aer each stepwise sonication–incubation

cycle indicated that three cycles were sufficient to complete the

self-assembly of SWNT/NDI-Bola (Fig. S8†). During the rst two

sonication–incubation cycles, the amount of SWNT/NDI-Bola

composite collected in pellets increased signicantly aer

each sonication/incubation cycle, and the yield of SWNT/NDI-

Bola remained stable aer the third sonication.

TEM imaging of the SWNT/NDI-Bola pellet revealed uniform

nanotubes showing a 5 nm increase in diameter from 12 �

1 nm, for the elongated NDI-Bola nanotube as the precursor, to

17 � 1 nm for the coaxial SWNT/NDI-Bola composite (Fig. 5a).

The increase in diameter emerged from the thicker walls of

SWNT/NDI-Bola, which doubled from 2.5 � 0.5 (NDI-Bola

nanotubes) to 5.0 � 0.5 nm. The two-fold increase in wall

thickness suggests the formation of a bilayer NDI-Bola coating

around SWNTs in the SWNT/NDI-Bola composite, in contrast to

the monolayer wall structure of the parent NDI-Bola nanotubes.

The excess NDI-Bola nanotubes le in the supernatant (Fig. 5b)

exhibited the characteristic appearance of nanotubes as two

white, parallel lines separated by a dark center, due to their

hollow tubular interior (�7 nm). The high-resolution TEM

image of the negatively stained SWNT/NDI-Bola composite

(Fig. 5a, inset) clearly showed the presence of a single SWNT

within the interior of SWNT/NDI-Bola as a thin white line

located in the hollow channel of coaxial SWNT/NDI-Bola

assemblies. In contrast to the change in wall thickness, the

internal dimensions remained constant at �7 nm. The XRD

pattern of the SWNT/NDI-Bola composite (Fig. 6a) showed

a sharp reection with a d spacing of 2.10 nm, similar to the

low-angle peak of parent NDI-Bola nanotubes (d ¼ 2.17 nm)

(Fig. S10b†). These reections correlated with the length of an

extended NDI-Bola molecule (2.3 nm) and the thickness of

a monolayer lipid membrane (MLM) of the parent NDI-Bola

nanotube, which was comprised of obliquely packed NDI-Bola

(2.5 � 0.5 nm).56 The peaks at 3.60, 4.32 and 5.41 Å in the

XRD pattern of SWNT/NDI-Bola were similar to the diffraction

peaks exhibited by the parent NDI-Bola (3.62, 4.35 and 5.52 Å).

These reections correspond to the mean interplanar distance

between adjacent planes of the NDI core, and the centroid–

centroid distance between nearest-neighbor NDI chromophores

(Fig. 6b).68,69 Moreover, the circular dichroism (CD) spectra of

the SWNT/NDI-Bola composite and the parent NDI-Bola nano-

tubes were nearly identical (Fig. S11†),56 demonstrating that the

NDI-Bola molecules adopted a similar long-range order.

The dimensions of the SWNT/NDI-Bola composite extracted

from the TEM images (Fig. 5a) lead to a model with a �2.5 nm

Fig. 6 (a) Representative XRD pattern of the SWNT/NDI-Bola

composite cast on monocrystalline silicon wafer. (b) Schematic

representations of the co-axial assembly of SWNT/NDI-Bola

composite. d and t indicate nanotube diameters and wall thicknesses.

Fig. 5 TEM images of (a) SWNT/NDI-Bola composite collected from

pellets after centrifuge (5000 rpm, 10 min) and (b) excess NDI-Bola

nanotubes left in the corresponding supernatant. TEM insets: high-

resolution images of co-axial SWNT/NDI-Bola and individual NDI-Bola

nanotubes. 2% (w/w) uranyl acetate as the negative stain.

7872 | Chem. Sci., 2019, 10, 7868–7877 This journal is © The Royal Society of Chemistry 2019
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separation between the NDI-Bola inner walls and the surface of

the SWNTs, as positioned at the center of the nanotube pore

(Fig. 4d and 6b). This separation would not allow for uniform

contact between the SWNT surface and the inner walls of NDI-

Bola nanotubes. The formation of an initial NDI-Bola layer via

NDI-SWNT stacking, rather than cation–p interactions could

potentially bridge the gap, thereby alleviating the discrepancy.

This well-known NDI–SWNT assembly mode70–72 would also

create a hydrophilic SWNT surface that would be more

compatible with the polar NDI-Bola nanotube interior.

However, inspection of the TEM images of the composite

revealed SWNT diameters of 2.1–2.3 nm, similar to the starting

dimensions of the debundled SWNTs (Fig. 4c, S19 and S20†).

This alternative NDI packing arrangement would also be ex-

pected to produce a signicant change in the CD spectra of NDI-

Bola upon encapsulation of SWNTs, which was not observed

(Fig. S11†). As shown in the TEM images of the composite, the

SWNT was located much closer to one side of the internal pore

of the composite, indicating the presence of an unlled, spatial

gap with the adjacent wall (Fig. 5a and S20a†). Colloidal parti-

cles such as the SWNT and NDI-Bola nanotubes carry electro-

static surface charge that is distributed over several nanometers

in diffuse electrical double layers (EDL).73 The overlap of these

electric elds on oppositely charged particles strongly affects

the stability of colloidal mixtures.73 To evaluate the EDL inter-

action in the SWNT/NDI-Bola composite, the z-potentials of

dispersions of NDI-Bola, de-bundled SWNTs, and the SWNT/

NDI-Bola composite were measured (Fig. S4 and S12†). A

sample of the SWNT/NDI-Bola hydrogel (10 mM), diluted to

2 mM, exhibited a z-potential of 24.3 � 2.6 mV at pH 3.5, while

the parent NDI-Bola nanotubes and debundled SWNTs main-

tained z-potentials of 56.3 � 4.0 mV (pH 3.46) and �48.0 �

6.1 mV (pH 3.64) (Fig. S4†), respectively. Although the change in

z-potential was small for the encapsulation of pristine SWNTs

by the NDI-Bola, the large negative Dz observed for the debun-

dled SWNTs indicated a strong EDL interaction over the spatial

separation of the SWNT and NDI-Bola surfaces.

The change to a bilayer wall structure likely emerged as

a response to the reduction in z-potential during assembly of

the composite. Colloidal dispersions of self-assembled particles

are thermodynamically unstable relative to larger particles with

lower interfacial area per mass.74,75 The stability of colloidal

dispersions observed in many systems is a kinetic phenomenon

reecting the interplay between repulsive EDL and attractive

van der Waals forces between the particles, as described by

DLVO theory.76 Thus, the monolayer to bilayer transition in the

SWNT/NDI-Bola walls ensued from a change in the balance of

these forces. The high z-potential of the NDI-Bola nanotubes

stabilized the dispersion, relative to larger aggregates, by

repulsive EDL interactions. The lower surface charge of the

composite structure permitted two NDI-Bola monolayers to

merge, thereby forming a larger nanotube with lower total

surface area.

The ability of the composite to adapt to the reduced surface

charge is a dynamic equilibrium process, requiring the pres-

ence of small amounts of free NDI-Bola monomer to proceed. In

fact, the supernatant of ultracentrifuged samples of

preassembled nanotubes were shown to contain monomeric

NDI-Bola (Fig. S13†). To qualitatively explore the role of

monomer in the formation of the composite, free monomer was

removed via ultracentrifuge (80 000 rpm) and the resultant

pellet was redispersed, mixed with the SWNTs and subjected to

the sonication/incubation sequence. Centrifugation (5000 rpm)

of the mixture did not produce a pellet and TEM imaging of the

sample showed only the formation of the parent NDI-Bola

nanotubes with little evidence of composite nanostructures

(Fig. S17†). Although it is not possible to unambiguously

remove monomer from the nanotubes, the co-assembly process

was signicantly less efficient in this experiment.

The outstanding mechanical properties of SWNTs, such as

the exceptionally high Young's modulus, make them promising

as reinforcements in polymer composites.77 The threading of

SWNTs within the composite would be expected to increase the

modulus, compared with the parent NDI-Bola nanotubes.

Young's modulus of the parent NDI-Bola and the SWNT/NDI-

Bola were measured by PeakForce quantitative nano-

mechanical mapping (QNM), which conrmed a larger

modulus for the SWNT/NDI-Bola composite (Fig. 7). QNM, an

atomic force microscopy (AFM) technique based on the Derja-

guin–Muller–Toporov (DMT) model, enables the measurement

of Young's modulus with high spatial resolution, by probing the

tip–sample interaction at the nanoscale.78 AFM imaging indi-

cated shorter lengths of SWNT/NDI-Bola composite, compared

with the parent nanotubes (Fig. 7a and d), as a consequence of

the shorter length distribution of polished SWNTs (200–500

nm). The modulus distributions of NDI-Bola (Fig. 7c) and

SWNT/NDI-Bola (Fig. 7f) modulus were calculated based on

measurements of $500 individual laments. Aer treatment

with SWNTs, the peak of Young's modulus distribution

increased from 1.7 GPa for the precursor NDI-Bola nanotubes to

2.8 GPa for the SWNT/NDI-Bola composite. The narrower DMT

modulus distribution of the SWNT/NDI-Bola (FWHM 1.0 GPa),

compared with that of the NDI-Bola nanotubes (FWHM 1.2

GPa), reected the higher homogeneity of the SWNT/NDI-Bola

composite.

The assembly of nanostructured composites having

multiple, sorted domains are particularly important for opto-

electronic materials. Previously, we reported an electrostatic

layer-by-layer process to assemble coaxial, nanotube–polymer

composites, capable of undergoing photoinduced charge sepa-

ration.14 To explore the potential to create coaxial nano-

structures integrated with a SWNT using this strategy, water-

soluble poly(p-phenyleneethynylene) (PPE-SO3Na, MW ¼ 5.76

� 104, PDI – 1.11) was added to the SWNT/NDI-Bola composite

to serve as the outer layer of the ternary composite. The SWNT/

NDI-Bola composite exhibited a positive z-potential below the

isoelectric pH (pI 3.8, Fig. S12†). A pelleted sample of SWNT/

NDI-Bola in water (2 mM) displayed a pH � 3.5, resulting in

a slightly positive z-potential. A corresponding complementary

electrostatic attraction with negatively charged PPE-SO3Na was

expected to drive formation of the ternary composite. Accord-

ingly, a 2.5 nm increase in the diameter of SWNT/NDI-Bola/PPE-

SO3Na, compared with the SWNT/NDI-Bola precursor (Fig. 8c),

was observed upon addition of PPE-SO3Na to the composite

This journal is © The Royal Society of Chemistry 2019 Chem. Sci., 2019, 10, 7868–7877 | 7873
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(10 : 1 SWNT/NDI-Bola: PPE-SO3Na). The resulting ternary

composite, pelleted by centrifugation, displayed a new UV-Vis

absorption at 450 nm (Fig. 8a) arising from the presence of

the PPE-SO3Na coating. To determine the amount of polymer to

reach surface saturation, the feeding ratio of NDI-Bola, in the

SWNT/NDI-Bola composite, to the PPE-SO3Na polymer was

varied (composite : PPE-SO3Na; 10 : 0.5, 10 : 1, and 10 : 2).

These experiments were performed by preparing the SWNT/

NDI-Bola composite, as described above, and pelleting by

centrifugation. The pellet was diluted and treated with varying

amounts of PPE-SO3Na, and pelleted. Considering the loss of

NDI-Bola in the supernatant during preparation of SWNT/NDI-

Bola, the nal composite : PPE-SO3Na ratios were adjusted to

10 : 0.6, 10 : 1.2 and 10 : 2.4. Inspection of the UV-Vis spectra of

the pellets indicated a maximal polymer coating level was ach-

ieved at a 10 : 1 feeding ratio (Fig. S16a†).

The deposition of the polymer on the surface of the SWNT/

NDI-Bola composite was analogous to the assembly of poly-

electrolyte multilayers, which are formed by the alternating

deposition of oppositely charged polymers.79 Similarly, polymer

binding to the surface of the composite was driven primarily by

electrostatic interactions along with the associated entropic

Fig. 8 (a) UV-Vis spectra of SWNT/NDI-Bola (black), SWNT/NDI-Bola/PPE-SO3Na (10 : 1 NDI-Bola/PPE-SO3Na, green) and corresponding

supernatant (magenta) after centrifuge at 5000 rpm for 15 min. The concentration of NDI-Bola in all samples was ca. 250 mM. As a comparison,

PPE-SO3Na (25 mM in water) is shown in cyan. (b) z-Potential titration curve of SWNT/NDI-Bola/PPE-SO3Na (10 : 1, 2 mM with respect to NDI-

Bola) composite in water at 25 �C. The dashed curve is given for eye guidance. (c) TEM image of SWNT/NDI-Bola/PPE-SO3Na (10 : 1). 2% (w/w)

uranyl acetate as the negative stain.

Fig. 7 Height profile and Derjaguin–Muller–Toporov (DMT)modulus AFM images of (a and b) NDI-Bola and (d and e) SWNT/NDI-Bola deposited

on freshly cleaved mica. (c and f) Distributions of DMT modulus of (c) NDI-Bola and (f) SWNT/NDI-Bola fit single Gaussian peaks at 1.7 GPa with

1.2 GPa full width at half-maximum (FWHM) and at 2.8 GPa with 1.0 GPa FWHM, respectively.

7874 | Chem. Sci., 2019, 10, 7868–7877 This journal is © The Royal Society of Chemistry 2019
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gain associated with counterion release. The z-potential of the

SWNT/NDI-Bola/PPE-SO3Na composite exhibited a pH depen-

dent prole similar to the SWNT/NDI-Bola precursor (Fig. 8b).

However, due to the presence of the PPE-SO3Na, the ternary

composite maintained a slightly lower isoelectric point (pI 3.6).

At pH values above the pI, z-potential values were 20–30 mV

lower than for the SWNT/NDI-Bola precursor. The efficacy of

polymer binding at pH values above the pI suggested that non-

electrostatic adsorptions, such as polarization-induced attrac-

tion,80–82 might also contribute to the polymer binding process.

In order to investigate the stability of the ternary composite,

uorescence emission of the PPE-SO3Na polymer at 525 nm was

recorded as a function of pH (Fig. S16b and c†). The strong

emission at 525 nm was almost completely quenched due to

electron/energy transfer within the connes of the ternary

structure over a pH range of 3–7. At pH 10, the emission of PPE-

SO3Na was restored instantly, indicating the dissociation of

PPE-SO3Na from the composite. It is noteworthy that the NDI-

Bola nanotubes (pI 6.7) also bind PPE-SO3Na (10 : 1, n/n) at

pH 3.6 (Fig. S23†). However, the pH-dependence of uorescence

emission (pH 4–12, Fig. S23c†) revealed that the NDI-Bola/PPE-

SO3Na interaction was stronger than that of SWNT/NDI-Bola/

PPE-SO3Na. The higher stability was manifested by a partial

increase in emission intensity (525 nm) at pH 11 (Fig. S23c†),

compared to the large increase in emission at pH 10 for the

SWNT/NDI-Bola/PPE-SO3Na composite (Fig. S16c†). The differ-

ence in binding affinity emanated from the higher pI of the NDI-

Bola nanotubes (Fig. S23d†), which allowed for a stronger

electrostatic interaction over a broader pH range.

Conclusions

In this work, we have described the co-assembly of a well-

dened, multicomponent nanostructure comprised of

a SWNT encapsulated by a self-assembled NDI nanotube, and

subsequently wrapped by a PPE-SO3Na polymer layer. We have

shown that the polar interior of the self-assembled nanotubes

accommodates the hydrophobic surface of the SWNT through

a combination of cation–p and electrostatic interactions. The

threading process was facilitated by sonication-induced frag-

mentation of the NDI-Bola nanotube, followed by elongation

and merging of the nanotube segments into a homogeneous

array of fully coated SWNTs. Centrifugation of the mixture

separated the composite nanostructure from the individual

components, resulting in a pure sample of the SWNT/NDI-Bola

composite containing �3 wt% of carbon nanotubes. The z-

potential of the SWNT/NDI-Bola was adjusted by pH to elec-

trostatically interact with complementary polyelectrolyte poly-

mers wrapped around the outer surface. This work sets the

stage for the design and assembly of hierarchically ordered,

multicomponent nanostructures for use in a wide range of

potential applications ranging from optoelectronics to

biomedicine.
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