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ABSTRACT: Phase behaviors of two series of giant surfactants
consisting of a hydrophilic [60]fullerene (AC60) molecular nanoparticle
(MNP) tethered to a polystyrene-block-poly(ethylene oxide) (PS-b-
PEO) block copolymer were investigated. The physical location of AC60
MNP was specifically designed to be at the end of the PS block (AC60-
PS-PEO) or at the junction point [PS-(AC60)-PEO] between the PS
and PEO blocks. Self-assemblies of these two series of giant surfactants
in the bulk revealed that the incorporation of AC60 MNPs leads to
nanophase separation of originally disordered PS-b-PEO block
copolymers having their block lengths shorter than the limiting value
for the nanophase separation in the PS-b-PEO precursors. Based on small-angle X-ray scattering and transmission electron
microscopy results, three ordered nanostructures were observed in these two series of giant surfactants, including lamellae,
double gyroids, and cylinders, all of which possess domain sizes smaller than 10 nm. Two pairs of topological isomers, AC60-PS50-
PEO45 and PS50-(AC60)-PEO45 as well as AC60-PS78-PEO45 and PS78-(AC60)-PEO45, were explicitly investigated to reveal the
topological effect on self-assembly behaviors of these giant surfactants. The results provided evidence of the physical location and
distribution of the AC60 MNPs within the nanophase-separated domains and demonstrated abilities to stabilize the different
structures via topological variations. This study thus affords an efficient and practical strategy for the design and preparation of
giant surfactants to construct ordered nanostructures for technologically relevant applications.

■ INTRODUCTION

Precise assemblies of hybrid materials containing functionalized
nanoparticles (NPs) over multiple length scales have been one
of the most essential themes in the fields of nanotechnology
over the past two decades.1−7 Diblock copolymers (BCPs) with
immiscible blocks can form a variety of periodically ordered
structures including lamellae (Lam), double gyroid (DG),
hexagonally packed cylinder (Hex), and body-centered cubic
sphere (BCC) phases through nanophase separation.8−11 When
physically blending NPs with BCPs, these nanophase-separated
structures may serve as facile templates for controlling the NPs
locations and distributions within the structures.12−20 Alter-
natively, chemically tethering polymers onto NPs provides
another robust approach to create hierarchical nanostructures
with controlled NP composition.21−26

Recently, we have developed a library of new hybrid
materials based on polymer-tethered molecular NPs
(MNPs).27−31 They have been regarded as giant surfactants
since they capture the structural features of small-molecule
surfactants yet possess much larger sizes comparable to
BCPs.27,32 It has been demonstrated that giant surfactants

exhibit intriguing self-assembling behaviors in the bulk and
solution states.28,32−36 One representative example is the giant
surfactant composed of a hydroxyl-group-functionalized poly-
hedral oligomeric silsesquioxane (POSS) tethered by a
polystyrene (PS) tail. They are able to self-assemble into
various nano-ordered structures in the bulk with a feature size
around or below 10 nm.28 The majority of studies so far are
focusing on the giant surfactants composed of MNP(s)
tethered by homopolymer(s). Incorporating BCP with
heterogeneous compositions into giant surfactants are not
only of scientific interest in creating new and diversified hybrid
self-assembled nanostructures but also of practical importance
to achieve specific and tunable properties for technological
applications.37−41

Computer simulations have predicted rich and intriguing
phase behaviors of giant surfactants composed of MNP
tethered by BCP,42−44 while experimental investigations of
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these giant surfactants are just beginning. In this article, we
report our recent efforts on the design and synthesis of giant
surfactants consisting of a carboxylic acid-functionalized
hydrophilic [60]fullerene (AC60) tethered onto a polystyrene-
block-poly(ethylene oxide) (PS-b-PEO) BCP. The physical
location of AC60 is either at the PS block end (AC60-PS-PEO)
or at the junction point [PS-(AC60)-PEO] between the PS and
PEO blocks to generate two different topologies. For PEO and
PS blocks, their Flory interaction parameter is χ = 0.08. This
requires that a lower limit molecular mass of this BCP must
exceed a threshold (in the vicinity of 16 kg/mol) in a lamellar
form to reach a sufficient immiscibility (χN, N is the degree of
polymerization), yet this molecular mass corresponds to a
lower limiting domain size of 18−20 nm.45−47 Since the PEO
and PS block molecular masses chosen in this study are
sufficiently low, the PS-b-PEO precursors do not exhibit
nanophase separation in the melt. Nevertheless, these two
series of giant surfactants possess hydrogen bonds associated
with the hydrophilic AC60 and PEO blocks, and they drive the
nanophase separation, resulting in the formation of various
ordered nanostructures, as illustrated in Scheme 1. Specifically,
topological isomers with identical compositions and molecular
masses but different AC60 locations in these giant surfactants
provide an opportunity to illustrate the topological effect on the
nanophase-separated structures. This series of materials may
thus provide a versatile and practical platform for manipulating
the distribution of AC60 MNPs within the PEO block domains
and tailoring the hybrid ordered structures with feature sizes
down to sub-10 nm.

■ EXPERIMENTAL SECTION
Synthesis of AC60-PSn-PEOm and PSn-(AC60)-PEOm Giant

Surfactants. The syntheses of the AC60-PSn-PEOm giant surfactants
are outlined in Scheme S1. Precisely defined [5:1]-hexakis adducts of
C60 bearing one terminal alkyne and ten protected carboxylic acid
groups (TC60-alkyne) and the azide-functionalized PS-b-PEO at the
PS block end (N3-PSn-PEOm) or at the junction point [PSn-(N3)-
PEOm] were synthesized according to the procedures reported in our
previous publications.35,48 The conjugation of TC60-alkyne and N3-

PSn-PEOm was achieved by azide−alkyne “click” chemistry to afford
TC60-PSn-PEOm. In Fourier transform infrared spectroscopy (FTIR)
experiments, the complete disappearance of absorbance band from
azide group at ca. 2100 cm−1 gives the evidence of successful reaction
between TC60-alkyne and N3-PSn-PEOm (Figure S1).30,31,49 The well-
defined structures of TC60-PSn-PEOm were unambiguously charac-
terized by nuclear magnetic resonance (NMR) spectra including 1H
NMR, 13C NMR, and size-exclusion chromatography (SEC) experi-
ments (see Supporting Information). In the 1H NMR and 13C NMR
spectra, the signals of major characteristic protons and carbons
attributed to the TC60, PS, and PEO can be clearly observed. In the
SEC profiles, the curve of TC60-PSn-PEOm shifts to lower retention
volume relative to the N3-PSn-PEOm owing to the increase of
molecular weight. The monomodal profile remains with narrow
polydispersity (Đ = 1.06), revealing the high uniformity of TC60-PSn-
PEOm. The deprotection of tert-butyl groups on TC60 was readily
achieved by treating with CF3COOH in CH2Cl2. The final products
(AC60-PSn-PEOm) were obtained without any further purification. The
complete deprotection was evidenced by the disappearance of tert-
butyl protons at 1.47 ppm in the 1H NMR spectrum (Figure S2) and
tert-butyl carbons at 28.1 ppm in the 13C NMR spectrum (Figure S3).
Following similar synthetic procedures, AC60 was also successfully
tethered at the junction point of PS-b-PEO, affording the PSn-(AC60)-
PEOm series (Scheme S2). Following the designed synthetic
procedures in Scheme S3, AC60 can be tethered at the PEO block
end to afford AC60-PEOm-PSn series. The well-defined structures of as-
synthesized PSn-(AC60)-PEOm and AC60-PEOm-PSn were confirmed by
the NMR, FTIR, and SEC (see Figures S5−S9).

Sample Preparations for SAXS and TEM Experiments. The
freeze-dried powder samples were first thermally annealed at 120 °C
under a nitrogen atmosphere for up to 12 h. The samples were then
cooled to room temperature and used for SAXS measurements. Thin
slices of the bulk samples with the thickness of 60−80 nm were
obtained at −120 °C utilizing a Reichert Ultracut S (Leica) microtome
on annealed samples embedded in epoxy monolith. The slices were
carefully collected onto copper grids coated with amorphous carbon
for TEM experiments. When necessary, osmium tetroxide (OsO4)
staining of the samples was performed at room temperature overnight.

Small-Angle X-ray Scattering (SAXS). SAXS patterns were
collected on a Rigaku MicroMax 002+ instrument equipped with a
two-dimensional (2D) multiwire area detector and a microfocus sealed
copper tube. The wavelength of the X-ray is 0.154 nm, with working

Scheme 1. Chemical Structures and Assemblies of AC60-PSn-PEOm and PSn-(AC60)-PEOm Giant Surfactants

Macromolecules Article

DOI: 10.1021/acs.macromol.5b00741
Macromolecules 2015, 48, 5496−5503

5497

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

A
K

R
O

N
 o

n 
A

ug
us

t 2
8,

 2
01

5 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 A

ug
us

t 6
, 2

01
5 

| d
oi

: 1
0.

10
21

/a
cs

.m
ac

ro
m

ol
.5

b0
07

41

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b00741/suppl_file/ma5b00741_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b00741/suppl_file/ma5b00741_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b00741/suppl_file/ma5b00741_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b00741/suppl_file/ma5b00741_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b00741/suppl_file/ma5b00741_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b00741/suppl_file/ma5b00741_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b00741/suppl_file/ma5b00741_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b00741/suppl_file/ma5b00741_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.5b00741


voltage and current of 45 kV and 0.88 mA, respectively. The scattering
vector (q) was calibrated using silver behenate with the primary
reflection peak at q = 1.067 nm−1. The SAXS diffraction patterns with
the q value range between 0.15 and 3.0 nm−1 were collected. The
recording time for each data was 15 min. The data were analyzed with
the Rigaku SAXSgui software.
Transmission Electron Microscopy (TEM). The bright-field

(BF) TEM images of the microtomed samples were taken on a JEOL-
1230 TEM equipped with a digital CCD camera and accessory digital
imaging system, collecting with an accelerating voltage of 120 kV. The
periodic domain sizes of ordered structures obtained from TEM
images were based on an average of ten independent measurements.
The calibration of the length scale on TEM images were carried out
based on grating replica crossed lines.

■ RESULTS AND DISCUSSION

Assemblies of AC60-PSn-PEOm Giant Surfactants in
Lam Structures. Table 1 summarizes molecular character-
izations of the giant surfactants studied in this work. All the
synthesized giant surfactants possess narrow polydispersities (Đ
< 1.10) with well-defined chemical structures. Prior to thermal
treatment of as-prepared samples, it is essential to examine their
thermal stability. As illustrated by TGA analysis (see Figure
S10), no apparent weight loss was observed at temperature
lower than 200 °C at a hearing rate of 10 °C/min under a N2
atmosphere, indicating good thermal stability of the samples
below 150 °C (our thermal annealing temperature was at 120
°C).
Figure 1a shows a 1D SAXS pattern of AC60-PS28-PEO45.

There are two scattering peaks having a q-ratio of 1:2,
representing a Lam structure with a periodic domain spacing of
8.0 nm (calculated via d = 2π/q, where the first-order
diffraction peak is centered at q = 0.78 nm−1). It should be
noted that since the molecular mass of PS28-b-PEO45 is lower
than the limiting value of the nanophase separation for PS-b-
PEO copolymers (∼16 kg/mol),45−47 the BCP precursor does
not form a nanophase separated, ordered structure in the melt
(see SAXS pattern shown in Figure S11). The formation of
Lam structure is also validated in real space via a BF TEM
image of the microtomed AC60-PS28-PEO45 bulk sample after
OsO4 staining as shown in Figure 1b. The alternative dark
(attributed to the AC60 and PEO blocks) and gray (the PS
blocks) domains in parallel arrangement possess an overall
thickness of 8.0 ± 0.3 nm, in good agreement with the
calculated value based on the SAXS result.
Figure 1c shows a BF TEM image for another AC60-PS28-

PEO45 microtomed thin sample without OsO4 staining. The
dark domains with an average width of 3.5 ± 0.4 nm in this

figure only represent the region where the AC60 MNPs are
located due to its higher electron density. Compared with the
stained samples with the width measured to be 4.0 ± 0.3 nm in
Figure 1b, where both the AC60 MNPs and the PEO blocks are
stained by OsO4, this small difference indicates that the AC60
MNPs are distributed across the layer spacing of the AC60/PEO
block domain. Only the locations near the interfaces between
the PEO and PS blocks may contain less AC60 MNPs.
Both the SAXS and TEM experimental results suggest that

the conjugation of the AC60 MNP at the PS block end of PS28-
b-PEO45 enhances the immiscibility and promotes nanophase
separation. In order to illustrate that the AC60 MNPs are
interacting with the PEO blocks via hydrogen bonding, we
compared the crystallization behavior of the precursor PS28-b-
PEO45 BCP observed in differential scanning calorimetry
(DSC) with that of AC60-PS28-PEO45. Both of the samples
were first cooled down from 120 to −80 °C at a cooling rate of
10 °C/min, and then the samples were heated from that

Table 1. Summary of Characterization Data for Synthesized Giant Surfactants

sample Mn,PS
a (kg/mol) Mn,PEO (kg/mol) VPS

b VPEO
b VAC60

b Đc phase structured d1
e (nm)

AC60-PS28-PEO45 2.9 2.0 0.47 0.31 0.22 1.06 Lam 8.0
AC60-PS50-PEO45 5.2 2.0 0.62 0.23 0.15 1.09 Lam 8.8
AC60-PS52-PEO45 5.4 2.0 0.63 0.22 0.15 1.07 DG 9.2
AC60-PS64-PEO45 6.6 2.0 0.67 0.20 0.13 1.08 Hex 9.3
AC60-PS78-PEO45 8.1 2.0 0.71 0.17 0.12 1.07 Hex 10.0
AC60-PS160-PEO273 16.6 12.0 0.56 0.39 0.05 1.09 Lam 17.0
PS50-AC60-PEO45 5.2 2.0 0.62 0.23 0.15 1.08 Lam 11.4
PS78-AC60-PEO45 8.1 2.0 0.71 0.17 0.12 1.08 Hex 12.9
AC60-PEO45-PS28 2.9 2.0 0.47 0.31 0.22 1.09 Lam 12.6

aMolecular weights of the PS blocks were calculated based on NMR results. bVolume fractions were calculated from molecular weight and density
values; see Supporting Information for detailed calculation. cPolydispersity of giant surfactants were obtained from SEC measurements using a PS
standard calibration curve. dThe phase structures were determined by SAXS and TEM. eThe domain sizes were obtained based on SAXS results.

Figure 1. (a) 1D SAXS pattern and (b) BF TEM image of AC60-PS28-
PEO45. The BF TEM image is obtained after OsO4 staining, where
both AC60 and PEO are OsO4-stained (dark: the AC60 and PEO
blocks; gray: the PS blocks). (c) BF TEM image of AC60-PS28-PEO45
without staining (dark: AC60; gray: PS blocks and PEO blocks). (d)
Proposed lamellar model formed by AC60-PS28-PEO45 (red: the PS
domains; blue: the PEO and AC60 mixed domains).
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temperature to 120 °C. Figure S12 shows that in the DSC
heating thermal diagram of PS28-b-PEO45 an endothermic peak
of the PEO crystal melting can be observed at a temperature of
∼42 °C. This indicates that PEO crystals were formed during
the prior cooling process. However, the giant surfactant AC60-
PS28-PEO45 does not show any thermal events in the same
temperature range, revealing that the PEO blocks in AC60-PS28-
PEO45 do not crystallize during the cooling process. This is
indirect evidence to illustrate that the AC60 MNPs and PEO
blocks are interacting with each other via hydrogen bonding
and thus preventing crystallization of the PEO blocks in AC60-
PS28-PEO45. Direct evidence can be obtained via FTIR
experiment. Figure S13 shows FTIR spectra of AC60-PS28-
PEO45 before (neat dry samples once precipitating out in
solution) and after thermal annealing (the nanophase
separation has taken place). A new absorbance band centered
at ca. 1732 cm−1, corresponding to the hydrogen bonding
between the carboxylic acid and PEO,50 appears after the
thermal annealing. This indicates that the hydrogen bonding
has evolved between the PEO blocks and AC60 MNPs to result
in enhancement of the segregation strength with the PS blocks.
It is worth noting that no ordered structures are formed in the
TC60-PS28-PEO45 precursor (the samples before deprotection
of carboxylic acid groups on C60 and thus without hydrogen
bonding) after thermal annealing, revealed by a broad scattering
halo in the SAXS pattern (Figure S14). Thus, the AC60/PEO
block interaction facilitates the nanophase separation of AC60-
PS28-PEO45.
To further illustrate that the interaction between the AC60

and PEO block increases the segregation strength and compare
their self-assembly behaviors, a blend of AC60/PS28-PEO45 with
the molar ratio of 1:1 as well as a new giant surfactant sample,
AC60-PEO45-PS28 (the AC60 was tethered at the PEO block
end), was prepared and subjected to the identical thermal
annealing procedure of AC60-PS28-PEO45. Ordered Lam
structures with d-spacings of 12.8 and 12.6 nm were observed
in the blend and AC60-PEO45-PS28, respectively, based on the
SAXS results (Figures S15a and S16a). Although AC60/PS28-b-
PEO45 blend, AC60-PEO45-PS28, and AC60-PS28-PEO45 possess
the exactly identical chemical composition and all of them form
Lam structures, the periodic spacings of those lamellae for
AC60/PS28-b-PEO45 blend (12.8 nm) and AC60-PEO45-PS28
(12.6 nm) are more than 55% larger than that of AC60-PS28-
PEO45 (8.0 nm). To account for this difference, we argue that
the hydrophilic AC60 MNPs are concentrated at the center of
the PEO domain surrounded by the PEO blocks in the blend,
as schematically shown in Figure S15b, and the PS domain is
constructed by a double layer structure. The PEO blocks in the
blend are also found to not crystallize (Figure S17), and this
lamellar model for the blend can be proven by BF TEM images

in Figures S15c and S15d (see also the discussion in the
Supporting Information). This is also consistent with the
previously reported simulations51,52 and experimental observa-
tions12,13 that NPs are favorably located at the center of
compatible polymer domain to balance the loss of translational
entropy of NPs and potential polymer block stretching
penalties created by distributing NPs throughout the
domain.12,51 For AC60-PEO45-PS28, a double-layer PS domain
can also be expected, yet a random distribution of AC60 MNPs
in the PEO domain can be deduced since no increase of the
dark domain size after both AC60 MNPs and PEO were stained
by OsO4 in the BF TEM images (Figures S16c and S16d). For
AC60-PS28-PEO45, the AC60 MNPs are arranged throughout the
PEO domain as shown in Figure 1d. Owing to the chemical
linkage of AC60 MNPs with PS block ends, the hydrophobic PS
domain within AC60-PS28-PEO45 lamellae has to be constructed
by a single layer of PS blocks, as schematically shown in the
Figure 1d. The single-layer arrangement of PS blocks reduces
the overall d-spacing of the AC60-PS28-PEO45 lamellae.
Therefore, the more than 55% difference in the periodic
spacings between AC60/PS28-b-PEO45 blend, AC60-PEO45-PS28,
and AC60-PS28-PEO45 is caused by the double-layer versus the
single-layer PS domains in these samples.
To confirm the proposed model in Figure 1d, PS160-b-PEO273

and AC60-PS160-PEO273 with high molecular masses of both
blocks were also prepared, since the PS and PEO blocks in this
case possess sufficient segregation strength to generate the
nanophase separation without incorporating with the AC60
MNPs. The SAXS and TEM results for AC60-PS160-PEO273
after the thermal annealing are shown in Figure 2, and the
results of PS160-b-PEO273 are shown in Figure S18. Lam
structures are observed in both cases, as indicated by the two
scattering peaks with a q-ratio of 1:2. The periodic spacing of
PS160-b-PEO273 is calculated to be 27.5 nm, while that of AC60-
PS160-PEO273 is 17.0 nm. Again, this periodicity difference must
be resulted from a single layer of the PS blocks in AC60-PS160-
PEO273 versus a double layer of PS blocks in PS160-b-PEO273.
Figures 2b and 2c show the BF TEM images of AC60-PS160-
PEO273 without and with OsO4 staining. Owing to the relatively
low volume fraction (ca. 5%) and random distribution of AC60
MNPs, it is difficult to observe the continuous dark AC60-
concentrated domain for the nonstained sample (Figure 2b).
Upon staining, the dark domain consisting of the AC60 MNPs
and PEO can be clearly identified (Figure 2c), where the
periodic spacing of lamellae is measured as 17.0 ± 1.0 nm. It is
in good agreement with that obtained in Figure 2a. These
results further validate that the AC60 MNPs distribute
throughout instead of aggregate within the PEO domain.

Versatile Assemblies of AC60-PSn-PEOm Giant Surfac-
tants. In addition to Lam structure, DG and Hex structures are

Figure 2. (a) 1D SAXS pattern of AC60-PS160-PEO273. BF TEM images of AC60-PS160-PEO273 (b) without and (c) with OsO4-staining. Inset is the
proposed lamellar model for AC60-PS160-PEO273.
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readily formed in AC60-PSm-PEOn giant surfactants by varying
the PS block length. As the PS molecular mass increases to N =
52 (AC60-PS52-PEO45), multiple scattering peaks with a q-ratio
of √6:√8:√20:√22 are observed in the SAXS pattern
(Figure 3a). The domain spacing of (211) is calculated to be

9.2 nm on the basis of the first scattering peak in this figure.
The BF TEM image exhibits a wheel-like pattern with the
distance of 9.0 ± 0.5 nm between two neighboring wheel
centers (Figure 3b and the inset). Both results clearly verify the
formation of a DG structure. A Hex structure is observed as
further increasing the PS block length. It is evidenced by the
SAXS pattern of AC60-PS64-PEO45 in Figure 3c where a q-ratio
of 1:√3:√7 for three scattering peaks can be identified. The
Hex structure is also confirmed by BF TEM image of a
microtomed AC60-PS64-PEO45 thin film sample as shown in
Figure 3d. The (100) d-spacing of this Hex structure is
measured to be 9.5 ± 0.5 nm via the TEM observation,
agreeing well with the calculated value of 9.3 nm based on the
SAXS data. It can be expected that the AC60 MNPs are also
associated with the PEO blocks and separated from the PS
blocks in the DG and Hex structures because of hydrogen
bonding involved between the PEO blocks and AC60 and low
molecular masses of PS52-b-PEO45 and PS64-b-PEO45. Note that
without AC60 MNPs, these two PS-b-PEO BCPs and two
additional PS74-b-PEO114 and PS115-b-PEO45 BCPs with larger
molecular masses are in the disordered melt due to the fact that
their molecular masses are still smaller than the lower limiting
value (16 kg/mol) required for nanophase separation (see
absences of scattering peaks in the SAXS patterns as shown in
Figures S19 and S20).
With increasing the PS block length (also the volume

fraction of PS, VPS; see Table 1), the assembled structures of
giant surfactants (AC60-PSn-PEOm) undergo their phase
transitions from Lam (VPS = 0.47) to DG (VPS = 0.63) and

further to Hex (VPS = 0.67). This phase transition is in good
agreement with that predicted by the self-consistent mean-field
(SCMF) theory for flexible BCP53 and previous experimental
observations for PS-b-polyisoprene (PI),10 where the following
sequence of phases is observed as varying VPS (Lam: 0.34 < VPS
< 0.62; DG: 0.62 < VPS < 0.66; Hex: 0.66 < VPS < 0.77). These
VPS values at different phase structures also correspond well
with the experimental observations of those values in PS-b-PEO
diblock copolymers.47,54−56

Because of the weak segregation strength of BCP with low
molecular masses, the preparation of ordered nanostructures
with precise feature domain sizes smaller than 10 nm is
generally challenging in neat BCP,57−64 yet few reports are in
BCP/NPs blend systems.65 For the giant surfactants reported
here, the dense carboxylic acid groups on the periphery of AC60
MNPs enable the formation of hydrogen bonds between the
PEO blocks and AC60 MNPs and thus enhance the segregation
strength to facilitate the nanophase separation of the PS-b-PEO
at an overall molecular mass as low as 4.9 kg/mol. In addition,
the monolayer arrangement in the PS block domain for AC60-
PSn-PEOm further decreases the domain size of self-assembled
hybrid ordered structures to smaller than 10 nm (with size of
8.0 nm for Lam, 9.2 nm for DG, and 9.3 nm for Hex).

Effect of Giant Surfactant Topology on Self-Assembly.
In order to exploit the effect of topology on the assemblies, two
pairs of topological isomers, namely, AC60-PS50-PEO45 and
PS50-(AC60)-PEO45 as well as AC60-PS78-PEO45 and PS78-
(AC60)-PEO45, were specifically prepared. Each pair of
topological isomers possesses identical molecular masses of
the PEO and PS blocks, but the AC60 MNP is attached at
different physical locations (at the PS block end or at the
junction point between the PEO and PS blocks). As shown in
Figures 4a and 4b, both AC60-PS50-PEO45 and PS50-(AC60)-
PEO45 possess Lam structures, but with different periodic
domain spacings (8.8 nm versus 11.4 nm). This difference can
only be attributed to the tethering locations of AC60 MNPs
(and thus the giant surfactant topology). The packing model of

Figure 3. 1D SAXS patterns and BF TEM images of order structures
of (a, b) for AC60-PS52-PEO45 and (c, d) for AC60-PS64-PEO45. BF
TEM images are obtained after both the AC60 and PEO are OsO4-
stained. Insets are TEM image (b, lower left) in selected area after
Fourier filtering and models proposed for DG (b, upper right) and
Hex (d, upper right).

Figure 4. 1D SAXS patterns and BF TEM images of Lam structures of
(a, c) for AC60-PS50-PEO45 and (b, d) for PS50-(AC60)-PEO45. Insets
are the models proposed for AC60-PS50-PEO45 and PS50-(AC60)-
PEO45. TEM images are obtained after staining by OsO4, where both
AC60 and PEO are stained.
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AC60-PS50-PEO45 is shown in Figure 1d (also inserted in Figure
4c). For PS50-(AC60)-PEO45, it is suggested that its packing
model possesses a double layer of the PS blocks as shown in the
inset of Figure 4d. The BF TEM images of microtomed
samples of AC60-PS50-PEO45 and PS50-(AC60)-PEO45 after
OsO4-staining are shown in Figures 4c and 4d. The widths of
gray PS domains in AC60-PS50-PEO45 and PS50-(AC60)-PEO45
are measured to be 5.0 ± 0.5 and 7.0 ± 0.6 nm, respectively.
The size difference of ∼2 nm between these two PS domains is
consistent with the results obtained in SAXS experiments (2.6
nm).
Given the identical PS block lengths in these two topological

isomers, one may ask why the PS domain spacing of PS50-
(AC60)-PEO45 (double layer, 7 nm) is only about 40% larger
but less than twice of the size compared with that of AC60-PS50-
PEO45 (single layer, 5 nm). To address this issue, we calculate
the stretching ratio (S) of the PS chains in the Lam, which can
be characterized by

=S L R/2 g (1)

where L is obtained from the PS domain spacing in the single
layer model (AC60-PS50-PEO45) or one-half of the PS domain
spacing in the double-layer model [PS50-(AC60)-PEO45]. Rg is
the radius of gyration of PS chain that can be calculated by

=R N b( /6)g PS
1/2

(2)

where NPS is the degree of polymerization of PS and b is the
average statistical segment length of PS (b = 0.68 nm).66 The
values of S for both the PS blocks in AC60-PS50-PEO45 and
PS50-(AC60)-PEO45 are calculated to be 1.28 and 0.90,
respectively. This reveals that the PS blocks in AC60-PS50-
PEO45 are relatively stretched, while those in PS50-(AC60)-
PEO45 are more relaxed. This may be associated with the fact
that the PS blocks have no free chain ends in AC60-PS50-PEO45,
in contrast to one free chain end of the PS blocks in PS50-
(AC60)-PEO45.
Another set of topological isomers, AC60-PS78-PEO45 and

PS78-(AC60)-PEO45, exhibit Hex structures with different
periodic spacing (d100) based on the SAXS patterns in Figures

5a and 5b. They are 10.0 and 12.9 nm, respectively. The center
distances between two neighboring columns (d) in these two
Hex structures are thus calculated to be 11.5 and 14.9 nm (d =
2d100/√3), respectively. This difference can be confirmed by
the results of BF TEM images in Figures 5c and 5d, where the d
values of two Hex structures are measured as 12.0 ± 0.8 and
15.0 ± 0.9 nm, respectively. The difference in the d values for
these two Hex structures can also be ascribed to the distinct PS
conformations. As illustrated in the Figure 5e, in the Hex of
AC60-PS78-PEO45, the PEO and AC60 of each giant surfactant
are located either in two neighboring columns or in the same
column with a PS block that is folded back. In the Hex structure
of PS78-(AC60)-PEO45 (Figure 5f), the PEO and AC60 of each
molecule are expected to be located in the same column, where
the PS blocks arrange in the domain with a free chain end. The
latter PS conformations are more likely to increase the distance
between two neighboring columns. This may associate with the
fact that the PS blocks with a free chain end in PS78-(AC60)-
PEO45 construct the PS domains via both the tethered PS
chains from neighboring columns, while in AC60-PS78-PEO45
the PS domain is formed by one PS block connected to two
neighboring columns.

■ CONCLUSION

In summary, two series of giant surfactants with a AC60 MNP
tethered onto a PS-b-PEO block copolymer either at the PS
block end (AC60-PSm-PEOn) or at the junction point [PSm-
(AC60)-PEOn] of the block copolymers were designed and
synthesized via “click” chemistry. Investigation of the assembly
of these two series of giant surfactants reveals that the hydrogen
bonding between the AC60 MNPs and the PEO blocks plays an
essential role in facilitating the nanophase separation of
originally disordered PS-b-PEO block copolymers and thus
affording the formation of various ordered nanostructures in
the bulk, such as Lam, DG, and Hex phases. In these ordered
structures, the AC60 MNPs and PEO blocks are associated with
each other in one domain and the PS blocks segregate into
another. With a systematic study of their phase behaviors, we
can conclude that (1) comparison between the giant surfactant

Figure 5. 1D SAXS patterns, BF TEM images and proposed models of Hex structures: (a, c, e) for AC60-PS78-PEO45; (b, d, f) for PS78-(AC60)-
PEO45.
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having MNP tethered block copolymer system with a system of
mixing MNPs into block copolymers shows more controlled
nanophase separations could be achieved with a smaller domain
size; (2) comparison of two pairs of topological isomers, AC60-
PS50-PEO45 and PS50-(AC60)-PEO45, as well as AC60-PS78-
PEO45 and PS78-(AC60)-PEO45 reveals that their Lam and Hex
structures with different domain sizes result from the distinct
PS block arrangements and their conformations in the
domains; and (3) this work introduces a practical approach
to the design and fabrication of hierarchical nanostructures with
sub-10 nm length scales.
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