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efficient dispersants for CNTs in solution, 
with one block attaching to the CNT, and 
the other extending into solvent.[8] How-
ever, conformal coating of BCPs on CNTs 
is achieved in most cases. One reason 
for the failure to prepare diverse surface 
nanostructures could be the use of coil-
coil BCPs in these studies. Compared 
with coil-coil BCPs, rod-coil BCPs possess 
some unique self-assembly behaviors. For 
example, they tend to form ordered mor-
phologies owing to the ordered packing 
tendency of the rigid blocks.[9] In our 
recent work, we found that poly(γ-benzyl-
l-glutamate)-block-poly(ethylene glycol) 
(PBLG-b-PEG) rod-coil BCPs can self-
assemble in water into various ordered 

nanostructures.[10] Therefore, we envisage that rod-coil BCPs 
may be ideal candidates for constructing ordered surface nano-
structures on CNTs via solution self-assembly.

Herein, we demonstrate that PBLG-b-PEG rod-coil BCPs 
can serve as effective dispersants for CNTs in solution and that 
various surface nanostructures can be formed by BCPs on the 
CNTs. PBLG-b-PEG is a typical rod-coil block copolymer in 
which the PBLG is a synthetic polypeptide, the backbone of 
which adopts an α-helix conformation acting as a rigid rod, and 
PEG is a typical flexible polymer. As shown in Scheme 1, the 
preparation process for the PBLG-b-PEG/CNT dispersions in 
different solutions is as follows. First, in organic solvents that 
dissolve the BCPs and with the aid of sonication, CNTs are de-
bundled into single tubes, and the PBLG-b-PEG BCPs adsorb 
onto the CNTs to act as a stabilizer. In the second step, by 
introducing water, a selective solvent for PEG blocks, the 
BCPs adsorbed on the CNTs further self-assemble into various 
ordered surface nanostructures, for example, helices.

2. Results and Discussion

We first investigated the dispersing properties of PBLG119-
b-PEG112 BCPs (the subscripts denote the degree of polymeri-
zation, DP, for each block) for CNTs in organic solvents. For 
convenience, the PBLG119-b-PEG112 BCPs are abbreviated 
as BCP1 in the following content. N,N′-dimethylformamide 
(DMF, a high-polar solvent) and 1,4-dioxane (dioxane, a low-
polar solvent) were used as typical solvents. Figure 1 shows the 
results obtained using DMF as solvent, and the results from the 
dioxane system are presented in the Supporting Information. 
As shown in Figure 1a, digital photographs reveal that pristine 
CNTs were homogeneously suspended in DMF by sonication 
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conformal coatings. Then, by the introduction of water, a selective solvent 
for PEG blocks, the BCPs in the coatings further self-assemble into diverse 
surface nanostructures, such as helices (left-handed or right-handed), gyros, 
spheres, and rings. The morphology of the surface nanostructure can be 
tailored by initial organic solvent composition, preparation temperature, 
feeding ratio of BCPs to CNTs, degree of polymerization of PBLG blocks, and 
diameter of the CNTs.

1. Introduction

Carbon nanotubes (CNTs) have attracted much attention in 
the fields of nanotechnology and materials science over the 
past decade.[1] Much effort has been exerted to disperse CNTs 
by small molecules and polymers in various media, and both 
physical and chemical approaches have been established.[2] 
Physically adsorbing polymers is an effective way to disperse 
CNTs without damaging their inherent properties. Polymer/
CNT composites have found applications in broad fields 
ranging from reinforcing additives for polymer materials to 
biosensors and delivery vehicles.[3] Considering that the surface 
nanostructure of a material is an important factor that influ-
ences its properties,[4] in addition to the issue of dispersion, 
the surface nanostructures of polymer/CNT composites could 
be an emerging research topic.[5] However, apart from polymer 
crystallization,[6] few feasible methods are currently available to 
produce ordered surface nanostructures on CNTs.

Block copolymers (BCPs) can self-assemble into a variety 
of morphologies in solution and have found applications in 
various fields.[7] Recently, BCPs are particularly attractive as 
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(sample A), but they rapidly precipitated (sample B). In con-
trast, the BCP1/CNT mixtures (the feeding weight ratio, WR, of 
BCPs to CNTs is 2) showed high stability, and no apparent sedi-
ment was observed after standing for two months (sample C).

The optimal WR for dispersion was determined by recording 
UV–vis–IR absorption intensities.[3a,11] As shown in Figure 1b, 
the absorption intensity first increased markedly with the WR 
when the WR < 2 and then increased slightly with further 
increasing WR, which suggests the optimal WR is ≈2. Com-
pared with other surfactants and polymer dispersants,[12] 
the rod-coil BCPs used in this work also possess excellent 

dispersing efficiency for CNTs while requiring a lower disper-
sant WR with the CNTs. In the following, unless otherwise 
noted, all samples were prepared with a WR = 2.

The structures of the BCP1/CNT dispersions were then 
examined by scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). As shown in Figure 1c, 
separated fibres with smooth surfaces were observed. The 
TEM image clearly reveals the core–shell structure of the fibres 
(Figure 1d). A single CNT (indicated by the blue arrows, with 
a diameter of ≈70 nm) was covered by a thin polymer coating 
(indicated by the red arrows, with a thickness of 30–40 nm). 
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Scheme 1. Schematic illustration of the dispersion of CNTs by PBLG-b-PEG rod-coil BCPs in organic solvents and water.

Figure 1. a) Digital photographs of pristine CNTs (A: immediately after sonication, and B: stored for 1 h) and BCP1/CNT dispersions (C: stored for two 
months) in DMF. b) UV–vis–IR absorption (recorded at a wavelength of 600 nm) of the BCP1/CNT dispersions in DMF as a function of the feeding 
WR of BCP1 to CNTs. The inset shows the absorption spectrum of the BCP1/CNT dispersion at WR = 2. c) SEM and d) TEM images of the BCP1/CNT 
dispersions in DMF. The inset shows TEM image of pristine CNT. Scale bars: c) 500 nm, d) 200 nm, and inset: 100 nm.



© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800080 (3 of 6)

www.advancedsciencenews.com www.mrc-journal.de

The inset in Figure 1d shows TEM image of pristine CNT. Sim-
ilar properties and structures for the BCP1/CNT dispersions 
with dioxane as the solvent were observed. Details regarding 
the dispersing properties of BCP1 for CNTs are available in 
the Supporting Information (Figures S2 and S3, Supporting 
Information).

In organic solvents, the attractions (π–π interactions) 
between the phenyl groups of PBLG blocks and CNTs are 
inferred to play a key role in the dispersion of CNTs.[8a] To verify 
this assumption, control experiments using PBLG and PEG 
homopolymers to disperse pristine CNTs were performed. It 
was found that the PBLG homopolymers well stabilized CNTs 
in both DMF and dioxane. However, for the PEG/CNT mix-
tures, abundant precipitates were observed in a short time upon 
standing. These results proved that the formation of the PBLG-
b-PEG/CNT dispersions in organic solvents is mainly due to 
the attractions between the PBLG blocks and CNTs, while the 
PEG blocks barely prevent the precipitation of the CNTs; how-
ever, PEG blocks could also enhance the dispersibility of the 
dispersions. Details are presented in Section S5 (Supporting 
Information).

To prepare BCP1/CNT dispersions in aqueous solutions, 
water was added to the BCP1/CNT dispersions in DMF or 
dioxane. Upon adding water, the solubility of the hydrophobic 
PBLG blocks decreased, which drove the BCPs to adsorb more 
tightly on the CNTs due to the hydrophobic–hydrophobic 
attractions between the PBLG blocks and CNTs. And under 
the hydrophobic/hydrophilic balance of the BCPs, they self-
assembled into various surface nanostructures.[7] In the surface 
nanostructures, the hydrophobic PBLG blocks attached to the 
CNT surfaces, and the hydrophilic PEG blocks spread out into 
the water. Through dialysis against water, aqueous solutions of 
BCP1/CNT dispersions were obtained. The influences of the 
initial solvent composition and preparation temperature on the 
morphology of the surface nanostructures were first investi-
gated (Figure 2).

Figure 2a–c shows the influence of the initial solvent compo-
sition on the morphology of the surface nanostructures. When 
DMF was used as the initial solvent, as shown in Figure 2a, 
individual plain fibres were observed. The diameters of these 
fibres (130–150 nm) were significantly larger than those of the 
pristine CNTs (60–80 nm), indicating that BCP1 adsorbed onto 
the CNTs. With dioxane as the initial solvent, the BCPs formed 
gyro-like nanostructures on the CNTs (Figure 2b). Interestingly, 
a distinct morphology (a helical nanostructure) was obtained 
using DMF/dioxane (1/1 in volume) as the initial solvent 
(Figure 2c). The solubilities of the PBLG-b-PEG BCPs in DMF, 
dioxane, and DMF/dioxane (1/1 in volume) differed consider-
ably, which could be the reason for the formation of distinct 
surface nanostructures.

Figure 2d–f shows the morphologies of the samples prepared 
at a higher temperature (60 °C). When prepared with DMF or 
dioxane as the initial solvent, increasing the preparation temper-
ature exerted no considerable effect on the surface nanostruc-
tures (Figure 2d,e). When using a DMF/dioxane mixture (1/1 in 
volume) as the initial solvent, the helical nanostructures formed 
at a higher temperature possessed more evident and regular 
helical features (Figure 2f). These helical nanostructures were 
further characterized by TEM and atomic force microscopy 

(AFM). As shown in Figure 2g, the TEM image clearly shows 
a core–shell structure, that is, block copolymers forming helical 
nanostructures around the CNTs. The 3D AFM image reveals 
these helical nanostructures possessed a right-handed chirality 
and a uniform pitch of ≈100 nm (Figure 2h), which is in good 
agreement with the SEM and TEM observations.

Note that the BCP1/CNT helical surface nanostructures 
shown in Figure 2f–h exclusively possessed a right-handed chi-
rality. As widely reported in the literature, the chirality of chiral 
aggregates can be changed using stereoisomers (including poly-
mers) bearing opposite chirality.[13] In this work, as shown in 
Figure 2i, left-handed helical surface nanostructures on CNTs 
were successfully fabricated by PBDG114-b-PEG112 (PBDG: 
poly(γ-benzyl-d-glutamate)) under the corresponding experi-
mental conditions (PBDG possesses a helical backbone with 
opposite chirality to that of PBLG[10a,b]).

Self-assembly of BCPs on CNTs into helices is rarely 
observed, which is an interesting finding of this work. In the 
past decade, there are several reports regarding helical wrap-
ping of single polymers around CNTs.[14] However, because 
of the size limitation of polymer chains, those helical surface 
nanostructures are not as obvious as those reported in our pre-
sent work. The helical wrapping of single polymers is found to 
enhance properties of or give additional functionality to com-
posites. We expect that the BCP/CNT composites possessing 
higher dimensions and more obvious helical surface nano-
structures will display performance superior to that of polymer-
wrapped CNT composites.

As previously stated, when prepared at 60 °C with DMF/
dioxane (1/1 in volume) as the initial solvent, the morphology 
of surface nanostructures is more regular and uniform. Under 
this condition, we investigated the influence of various fac-
tors, including the feeding WR of the BCPs to CNTs, the PBLG 
block length, and the CNT diameter, on the morphology of sur-
face nanostructures. These results are presented in Figure 3. 
Stable CNT dispersions are obtained as the WR reaches 0.5, 
as the dispersions retain high stability after storage for more 
than two months (Figure S5, Supporting Information). The 
morphology of surface nanostructures markedly varied with the 
WR. At a lower WR (<1), no regular pattern was prepared. As 
shown in Figure 3a, at a WR = 0.5, BCPs formed rough coat-
ings on the CNTs. Increasing the WR induces the formation 
of helical nanostructures. For example, well-defined helical 
nanostructures were observed at a WR = 1.5 (Figure S6c, Sup-
porting Information) or 2 (Figure 2f). As the WR exceeded 3, 
small aggregates appeared in solution accompanied by helical 
nanostructured dispersions (see Figure 3b, WR = 5). These 
small aggregates should be micelles self-assembled by the 
BCPs themselves, which consist of PBLG core and PEG corona. 
And portion of the micelles increased with the WR. The sur-
face morphology transition from a rough surface to helical 
nanostructure could be induced by a variation of the aggrega-
tion number (Nagg) of the BCP in the surface nanostructures. 
Nagg is a key factor influencing the structure and morphology of 
BCP self-assemblies.[15] The above results indicate that to pre-
pare stable BCP1/CNT dispersions with no free accompanying 
micelles, a WR of ≈2 is required, which coincides well with the 
conclusion that the optimal WR is 2 for dispersing CNTs in 
organic solvents.
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The PBLG block length (degree of polymerization, DP) and 
the CNT diameter also markedly affected the morphology 
of surface nanostructures. A plain fibre-to-helix-to-sphere 
morphology transition was observed with increasing DP of 
the PBLG blocks. From well-established self-assembly prin-
ciples,[7] the morphology of the surface nanostructures is 
a result of balance between attraction (PBLG–PBLG pairs) 
and repulsion (PEG–PEG pairs) interactions of BCPs. Since 
PEG block length is fixed, the repulsion between PEG–PEG 
blocks remain unchanged. The main reason for such mor-
phology transition is induced by variation of the PBLG–
PBLG attractions. When the DP of PBLG blocks is relatively 
small (PBLG21-b-PEG112, BCP2), the attraction between 
PBLG blocks is weak, therefore PBLG blocks pack randomly 
on the CNTs and a plain surface is obtained (Figure S8, 

Supporting Information). With increasing the DP of PBLG 
blocks (PBLG119-b-PEG112, BCP1), the attraction between 
PBLG blocks is enhanced, which induces PBLG blocks pack 
orderly into helix nanostructures (Figure 2f). When the DP of 
the PBLG blocks is relatively large (PBLG210-b-PEG112, BCP3), 
the attraction between PBLG blocks is strong, which restricts 
the morphology evolution in self-assembly process,[16] result-
antly, discrete spheres on the surface of CNTs are formed 
(Figure 3c). Shown in Figure 3d is morphology of BCP1/CNT 
dispersion prepared using CNTs with a large diameter (OD = 
140–160 nm). As can be seen, BCP1 formed ring-like struc-
tures wrapped around the CNTs. This morphology transition 
was inferred to be related to variation of surface curvature of 
the CNTs (the surface curvature of the CNT decreases with 
increasing the diameter).[17]

Macromol. Rapid Commun. 2018, 39, 1800080

Figure 2. SEM images of BCP1/CNT dispersions in water prepared at 30 and 60 °C with various initial solvents: a) DMF, 30 °C; b) dioxane, 30 °C;  
c) DMF/dioxane (1/1 in volume), 30 °C; d) DMF, 60 °C; e) dioxane, 60 °C; and f) DMF/dioxane (1/1 in volume), 60 °C. g) TEM and h) AFM images of 
the sample shown in panel (f). i) SEM image of the PBDG-b-PEG/CNT dispersion prepared at 60 °C with DMF/dioxane (1/1 in volume) as the initial 
solvent. The WR = 2 for all samples. Scale bars: 500 nm.



© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800080 (5 of 6)

www.advancedsciencenews.com www.mrc-journal.de

Macromol. Rapid Commun. 2018, 39, 1800080

Additionally, for some practical applications, water disper-
sions of nanomaterials must be lyophilized to facilitate their 
storage and application. It was found that the BCP/CNT nano-
composites preserved their surface nanostructures after lyophi-
lization, and these lyophilized samples were re-dispersible in 
water. With the aid of sonication and gentle magnetic stirring, 
single-fibre-level dispersions were obtained. Details regarding 
the storage stability and re-dispersibility results are presented 
in Section S10 (Supporting Information).

Finally, the noncovalent modification of CNTs by PBLG-
b-PEG BCPs was confirmed by Raman spectroscopy. As shown 
in Figure 4, both pristine CNTs and BCP1/CNT dispersions 
exhibited D (defect) bands at 1312 cm−1 and G (graphene) bands 
at 1600 cm−1. The intensity ratio of the D band to the G band 
(ID/IG) is sensitive to the defect concentration in CNTs, which 
is commonly used to identify the physical or chemical modi-
fication of CNTs.[8a,18] No clear change in ID/IG was observed 
(2.70 for the pristine CNTs vs 2.67 for the BCP1/CNT disper-
sions), suggesting that no chemical reaction occurred and that 
the CNTs were physically stabilized by the PBLG-b-PEG block 
copolymers.

3. Conclusions

In summary, we demonstrated a facile method, that is, the 
self-assembly of rod-coil block copolymers on CNTs, to con-
struct various surface nanostructures, including helices, 
gyros, spheres, and rings. The self-assembly of PBLG-b-PEG 
rod-coil block copolymers was triggered by adding water to 
the BCP/CNT dispersions in organic solvents. The mor-
phology of the surface nanostructures could be tailored by 
various factors, such as the initial organic solvent, the prepa-
ration temperature, the feeding ratio of the block copolymer 
to CNTs, the DP of the PBLG blocks, and the CNT diameter. 
Since both PBLG and PEG blocks possess biocompatibility, 
it can be expected that the formation of PBLG-b-PEG sur-
face nanostructures on CNTs could not only enhance their 
biocompatibility but also provide additional functionality 
endowed by the surface nanostructures. These surface nano-
structured polymer/CNT composites could find potential 
applications in biomedical areas, such as delivery vehicles 
for drugs and tissue regeneration scaffolds for nerves and 
bones.

Figure 3. SEM images of various BCP/CNT dispersions in water: a) BCP1/CNT, WR = 0.5; b) BCP1/CNT, WR = 5; c) BCP3/CNT, WR = 2; and d) BCP1/
CNT (CNT with a larger diameter), WR = 2. All samples were prepared at 60 °C with DMF/dioxane (1/1 in volume) as the initial solvent. Scale bars: 
500 nm, and insets: 200 nm.
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Figure 4. Raman spectra of pristine CNTs and BCP1/CNT dispersions 
in water (excitation wavelength: 785 nm). The BCP1/CNT samples were 
prepared at 60 °C with DMF/dioxane (1/1 in volume) as the initial solvent 
(the morphology of this sample is shown in Figure 2f–h).


