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ABSTRACT: The self-assembly behavior of speciﬁcally designed giant
surfactants is systematically studied in thin ﬁlms using grazing
incidence X-ray scattering and transmission electron microscopy,
focusing on the eﬀects of molecular nanoparticle (MNP) functionalities and molecular architectures on nanostructure formation. Two
MNPs with diﬀerent surface functionalities, i.e., hydrophilic carboxylic
acid functionalized [60]fullerene (AC60) and omniphobic ﬂuorinated
polyhedral oligomeric silsesquioxane (FPOSS), are utilized as the head
portions of the giant surfactants. By covalently tethering these
functional MNPs onto the end point or junction point of
polystyrene-block-poly(ethylene oxide) (PS-b-PEO) diblock copolymer, linear and star-like giant surfactants with diﬀerent molecular
architectures are constructed. With ﬁxed length of the PEO block, changing the molecular weight of the PS block leads to
the formation of various ordered phases and phase transitions. Due to the distinct aﬃnity, the AC60-based and FPOSSbased giant surfactants form two- or three-component morphologies, respectively. A stretching parameter for the PS block
is introduced to characterize the PS chain conformation in the diﬀerent morphologies. The highly diverse self-assembled
nanostructures with high etch resistance between components in small dimensions obtained from the giant surfactant thin
ﬁlms suggest that these macromolecules could provide a promising and robust platform for nanolithography applications.
KEYWORDS: surface functionality, nanoparticles, molecular architecture, self-assembly, thin ﬁlm
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nm); (2) obtaining sharp interfaces with high lithographic
contrast; and (3) enhancing etch selectivity and resistance
between diﬀerent components of the nanostructures. For
ordered morphologies of diblock copolymers, the domain size
is determined by the monomer−monomer interaction and
overall molecular weight, d ≈ χ1/6N2/3, where N is overall
degree of polymerization and χ is the Flory−Huggins
interaction parameter.7,9 On the other hand, the product χN
determines the ordered transition of diblock copolymers. Since
the dimension of self-assembled patterns is proportional to N2/3

ngineering ordered patterns with small feature sizes over
large areas presents a critical challenge for the
development of future devices. Top-down lithographic
techniques have been the method of choice.1 The dramatic
increase of the cost-eﬀectiveness ratio for pushing current
practical limits in the top-down lithographic technology
motivates intensive eﬀorts in ﬁnding alternative approaches.2,3
Among the many bottom-up methods, the self-assembly of
block copolymers provides a promising technique for nextgeneration device fabrication.4,5 Using self-organization or
directed assembly, ordered patterns with desirable properties,
e.g., morphology, domain orientation, and domain spacing, can
be obtained by adjusting the molecular design.6−8 Several
challenges, nevertheless, still remain: (1) generating morphologies with long-range order and small feature sizes (e.g., <22
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Figure 1. Chemical structures and schematic illustrations of (a) AC60 and (b) FPOSS MNPs. The alkyne groups are the covalent tether points
for the MNPs. The amorphous carboxylic acid functional groups of AC60 are depicted by a blue shell, while the mesomorphic ﬂuorinated
chains of FPOSS are depicted by a green cylinder. FPOSS MNP dimensions are determined from wide-angle X-ray diﬀraction experiments
(Figure S1).

Figure 2. Chemical structure and molecular architecture of the giant surfactants: (a) linear AC60-PS-PEO with hydrophilic−hydrophobic−
hydrophilic property, (b) linear FPOSS-PS-PEO with omniphobic−hydrophobic−hydrophilic property, (c) star-like PS-AC60-PEO, and (d)
star-like PS-FPOSS-PEO. Hydrophilic components are represented in blue, hydrophobic components in red, and omniphobic components in
green.

in the strong segregation region,10,11 a low N to achieve smaller
domain sizes consequently requires a very high eﬀective χ. The
interactions between most conventional polymer blocks,
unfortunately, are usually weak. Therefore, obtaining ordered
morphologies from block copolymers usually requires suﬃciently high molecular weight. The design of novel monomers
with large χ values represents a straightforward solution.12−14
Replacing one of the linear blocks with nonlinear topologies,
e.g., hyperbranched, cyclic, or dendritic, has also been shown to
result in phase separation at reduced feature sizes.15−18 These
approaches, however, usually require complex syntheses and are
diﬃcult to be widely adopted.

Computer simulation has manifested that tethering nanoparticles as additional building blocks to polymers could result
in various ordered hierarchical structures.19,20 In the past few
years, we have demonstrated that the self-assembly of giant
surfactants could provide a platform for engineering nanopatterns with sub-10 nm feature sizes.21,22 This class of
macromolecules consists of compact and rigid molecular
nanoparticles (MNPs), e.g., precisely surface-functionalized
[60]fullerene (C60) or polyhedral oligomeric silsesquioxane
(POSS), as the head portion(s) and ﬂexible polymer chains as
the tail portion(s).21,23 To a large extent, they resemble the
general geometrical features of small molecular surfactants, yet
with somewhat ampliﬁed sizes and controllable local geo920
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Table 1. Summary of Molecular Compositions and Self-Assembled Morphologies of the Giant Surfactants
A1
A2
A3
A4
A5
A6
A7
F1
F2
F3
F4
F5
F6
F7

samplea

topology

Mw,PSb

Mw,PEOb

PDIc

f MNPd

f PSd

f PEOd

χNPS/PEOe

bulk morphologyf

thin ﬁlm morphologyg

AC60-PS28-PEO45
AC60-PS52-PEO45
AC60-PS64-PEO45
AC60-PS78-PEO45
AC60-PS151-PEO45
PS50-AC60-PEO45
PS78-AC60-PEO45
FPOSS-PS28-PEO45
FPOSS-PS52-PEO45
FPOSS -PS64-PEO45
FPOSS -PS78-PEO45
FPOSS -PS151-PEO45
PS50- FPOSS -PEO45
PS78- FPOSS -PEO45

linear
linear
linear
linear
linear
star-like
star-like
linear
linear
linear
linear
linear
star-like
star-like

2800
5200
6400
7800
15100
5000
7800
2800
5200
6400
7800
15100
5000
7800

2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000

1.10
1.09
1.06
1.11
1.13
1.10
1.09
1.10
1.09
1.06
1.11
1.13
1.10
1.09

0.23
0.16
0.14
0.12
0.08
0.17
0.12
0.32
0.24
0.21
0.18
0.11
0.24
0.18

0.46
0.61
0.66
0.71
0.82
0.60
0.71
0.41
0.56
0.61
0.66
0.79
0.55
0.66

0.31
0.23
0.20
0.17
0.10
0.23
0.17
0.27
0.20
0.18
0.16
0.10
0.21
0.16

3.4
4.5
5.1
5.8
9.2
4.5
5.8
3.4
4.5
5.1
5.8
9.2
4.5
5.8

LAM
DG
HEX
HEX
HEX
LAM
HEX
LAM3
LAM3
LAM3
HEX3
HEX3
LAM3
LAM3

LAM
ML
HEX
HEX
BCC
LAM
HEX
UL3/LAM3
LAM3
PL3
CPL3
CPL3
CSC
CSC

a
Sample labels: the subscripts represent the degree of polymerization, N. bMolecular weight calculated from 1H NMR. cPolydispersity index
measured by SEC. dVolume fraction based on molecular weights and densities (see details in the SI). eThe product of degree of polymerization and
Flory−Huggins interaction parameter at 120 °C (annealing temperature, see details in the SI). fBulk morphology determined by SAXS and TEM at
25 °C. gCorresponding thin ﬁlm morphology at 25 °C, determined by GISAXS and TEM.

diﬀerent aﬃnity of the head leads to the formation of twocomponent and three-component morphologies in the AC60based and FPOSS-based giant surfactants, respectively. With a
ﬁxed molecular weight of the PEO block, the length of the PS
block acts as the prominent factor to control the self-assembled
morphologies. The importance of the chain conformation of
the PS block in the morphology transition and the topological
eﬀect was carefully investigated.

metries. A simple and representative example is single-head/
single-tail giant surfactants, which can assemble into a variety of
ordered structures similar to those found in ﬂexible diblock
copolymers in the bulk and thin ﬁlms.22 The collective
secondary interactions and geometrical constraints greatly
enhance the eﬀective immiscibility,24 leading to the formation
of stable ordered structures with domain size around or less
than 10 nm.22 Furthermore, the outstanding electronic
properties of C60 and the excellent etch-resistance of POSS
endow the giant surfactants with both scientiﬁc and technologic
relevance.
Introducing a block copolymer tail to the giant surfactants
can expand the diversity of these macromolecules tremendously, thus promoting the variety and complexity of selfassembled structures.22,25−27 Diﬀerent from the simple singlehead/single-tail giant surfactants, conjugating MNPs with block
copolymers provides two additional variables for molecular
design: chain architecture and aﬃnity. By tethering MNPs to
speciﬁc positions of block copolymers, topological isomers can
be generated that possess the same composition but have
diﬀerent architectures.22,27,28 On the other hand, adjusting the
surface functionality of MNPs could tune the relative
interactions between the MNP and the polymeric blocks,
leading to controllable partitions of the MNP in diﬀerent
domains. Giant surfactants tethered with block copolymers thus
provide a unique system to highlight the importance of these
variables on self-assembly. Recently, we have designed and
synthesized a library of giant surfactants by attaching a
carboxylic acid-functionalized C60 (AC60) or a heptadecaﬂuorodecyl-functionalized POSS (FPOSS) (Figure 1) onto a
polystyrene-block-poly(ethylene oxide) (PS-b-PEO) diblock
copolymer at the end of PS block (AC60-PS-PEO and
FPOSS-PS-PEO) or the junction point (PS-FPOSS-PEO and
PS-AC60-PEO) with linear and star-like architectures, respectively (Figure 2).27,29 Rich self-assembled structures have been
identiﬁed in the bulk.30,31 The diﬀerences in architecture and
aﬃnity lead to distinct molecular arrangements.
In this work, we will focus on the self-assembly of these giant
surfactants in thin (∼100 nm) ﬁlms. Due to the geometrical
conﬁnement, diverse self-assembled structures, many of which
are not available in bulk, were observed. Speciﬁcally, the

RESULTS AND DISCUSSION
The giant surfactants are prepared by a combination of
controlled living radical polymerization and “click” chemistry,
with well-deﬁned structures and narrow molecular weight
distributions. Details on the synthetic routes and polymerizations have been recently reported30−32 and are brieﬂy
described in the Supporting Information (SI). The degree of
polymerization of the PEO block is ﬁxed at 45, while the PS
block length varies. The volume fraction of PS ( f PS) ranges
between 0.4 and 0.8 for the linear giant surfactants and from 0.6
to 0.7 for the star-like ones (Table 1). The overall molecular
weights of PS-b-PEO copolymers were speciﬁcally controlled
within the weak phase separation region (i.e., χN < 10) to
highlight the importance of MNPs in promoting nanophase
separation.
Microdomain Structures in Thin Films of Linear Giant
Surfactants. The grazing incidence small-angle X-ray scattering (GISAXS) pattern of A1 (Figure 3a) shows clear (001) and
(002) diﬀraction peaks along the qz direction at qy = 0 nm−1,
representing a signiﬁcant order along the ﬁlm normal direction.
The appearance of only (00l) diﬀractions indicates that A1 (f PS
= 0.46) forms ﬂat-on parallel lamellae (LAM) with a long
period of 7.9 nm. On the other hand, the GISAXS pattern of
A2 (Figure 3b) shows diﬀractions along the qz direction at both
qy = 0 and 0.55 nm−1, suggesting ﬂat-on modulated lamellae
(ML) with structual correlations between the layers and the
rectangular lattice parameters of a = 11.3 nm and b = 17.8 nm.
The d(020) of 8.9 nm for the ML structure corresponds to the
distance bewteen neighboring hydrophilic (or hydrophobic)
layers. Due to the layered geometry, no contrast is observed in
the plan-view TEM bright ﬁeld (BF) images of A1 and A2.
Instead, the corresponding cross-sectional images of A1 and A2
921
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Figure 3. GISAXS patterns at the incident angle of 0.20° of linear AC60-based giant surfactants (a) A1, (b) A2, (c) A3, (d) A4, and (e) A5 and
linear FPOSS-based giant surfactants (f) F1, (g) F2, (h) F3, (i) F4, and (j) F5. The insets represent cross-sectional illustrations for each
structure with AC60 and PEO in blue, PS in red, and FPOSS in green.

centered cubic (BCC) morphology with the [110] direction
perpendicular to the substrate.34,35 The plan-view TEM BF
image of A5 (Figure 4e) conﬁrms that the PEO/AC60 blocks
form spherical domains in the PS matrix with a BCC
supramolecular lattice.
The TEM BF images suggest that the AC60 MNPs and the
PEO blocks form a heterogeneous hydrophilic domain in all the
AC60-based giant surfactants. In addition, no diﬀraction
patterns corresponding to the ordered packing of AC60
MNPs are observed in both GISAXS and grazing incidence
wide-angle X-ray scattering (GIWAXS) (Figure S2a−e),
indicating that the AC60 MNPs are in a disordered state. In
addition, the Scherrer−Debye rings with intensity concertrated
in the specular direction (Figure 3a−e) have the same q value
of the ﬁrst-order diﬀraction along the qz direction at qy = 0
nm−1, indicating they can be attributed to the correlation
between the AC60 MNPs in neighboring hydrophilic domains.
AC60 MNPs are believed to adopt a nonuniform distribution
(Scherrer−Debye rings) with the majority locating close to the

(Figure 4a and b) conﬁrm that the PEO/AC60 domain (dark
regions) transfers from ﬂat layers to modulated layers.
Remarkably, the sample A2 forms a double-gyroid (DG)
structure in the bulk state.30 The formation of ML in the thin
ﬁlm could thus be attributed to the geometrical conﬁnement
along the ﬁlm normal direction, leading to a corresponding
frustrated phase of the three-dimensionally (3D) stable bulk
DG structure. Hexagonally packed cylinders (HEX) form
(Figure 3c and d) with further increasing f PS (A3 and A4). The
hexagonal lattice is oriented with its [10] direction parallel to
the substrate, while the [21] direction is perpendicular to the
substrate.33 The corresponding dimensions of HEX for A3 and
A4 are a = 10.8 and 11.7 nm, respectively. Plan-view TEM BF
images of A3 and A4 (Figure 4c and d) reveal that the PEO/
AC60 blocks form cylinders embedded in the PS matrix. For the
sample with the highest f PS (A5), the GISAXS pattern (Figure
3e) shows diﬀractions along the qz direction at qy = 0.46 and
0.53 nm−1, corresponding to d1 = 13.5 nm and d2 = 11.7 nm.
The ratio of d1/d2 is 1.154, which is a characteristic of body922
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Figure 4. Set of TEM BF images of the linear AC60-based giant
surfactants. Cross-sectional images of A1 (a) and A2 (b). The insets
are the enlarged images of the marked regions. Plan-view images of
A3 (c), A4 (d), and A5 (e). TEM samples were stained by OsO4,
with the AC60/PEO domain in dark gray and the PS domain in light
gray. Black and white scale bars: 100 nm.

PEO/PS interface due to the chemical linkage between the
AC60 and the PS blocks. The hydrophilic−hydrophobic−
hydrophilic (A−B−A′) nature of the AC60-PS-PEO samples
results in two-component strucutures with a sequence of LAM
→ ML → HEX → BCC with increasing f PS.
In contrast, the linear FPOSS-based giant surfactants
generate a series of more complex morphologies because of
their omniphobic−hydrophobic−hydrophilic (A−B−C) nature. Besides the distinct aﬃnity, FPOSS has been found to
form a mesomorphic phase (Figure S1), which could enhance
the phase separation of the tethered PS and PEO blocks. The
GISAXS patterns of these FPOSS-based giant surfactants are
shown in Figure 3f to j. The strong diﬀractions along the qz
direction at qy = 0 nm−1 in Figure 3f indicate F1 forms a threecomponent lamellar morphology (LAM3) with a long period of
14.0 nm. Meanwhile, the diﬀractions along the qz direction at qy
= 0.39 and 0.78 nm−1 represent an additional centered
rectangular supramolecular lattice with a = 16.1 nm and b =
24.0 nm. The streak/cylinder-like PEO domain is observed in
the plan-view image of F1 (Figure 5a), while an undulated PEO
domain (dark) and the continuous FPOSS domain (gray)
appear in the corresponding cross-sectional TEM BF image
(inset of Figure 5a). The self-assembled structure of F1 is thus
a mixture of LAM3 and three-component undulated lamellae
(UL3). UL3 consists of undulated PEO layers in the PS matrix
sandwiched between the FPOSS layers. The composition of F1
is believed to be close to the phase boundary of the LAM3 and
UL3 structures. Only diﬀractions along the qz direction at qy = 0
nm−1 are observed in the GISAXS pattern of F2 (Figure 3g),
indicating a simple LAM3 morphology (c = 17.0 nm), with each
component forming an individual layer. The plan-view TEM
BF image (Figure 5b) is featureless due to the ﬂat-on lamellar
geometry, while the corresponding cross-sectional image (inset

Figure 5. Set of TEM BF images of linear FPOSS-based giant
surfactants. Plan-view images of F1 (a), F2 (b), F3 (c), F4 (d), and
F5 (e). Insets are the corresponding cross-sectional TEM images.
TEM samples were stained by RuO4, with the PEO domain in dark
gray, the FPOSS domain in gray, and the PS domain in light gray.
Black and white scale bars: 100 nm.

of Figure 5b) clearly shows the LAM3 morphology with an
ABCBA packing scheme.
On further increasing the f PS, the samples F3, F4, and F5
exhibit distinct GISAXS patterns (Figure 3h−j) from those of
F1 and F2, implying the occurrence of more ordered phases.
These structures share similar in-plane and out-of-plane
periodicities, among which F4 possesses the highest order.
The plan-view TEM BF image of F3 shows a perforated FPOSS
(net-like gray domain)36,37 (Figure 5c), and the corresponding
cross-sectional image shows a perforated FPOSS (broken gray
domain)38 penetrated by the PS domain and further
sandwiched by the layered PEO (continuous dark domain)
(inset of Figure 5c). The perforated FPOSS layers lead to the
in-plane and out-of-plane correlations observed in the GISAXS
pattern.39,40 This self-assembled morphology is termed threecomponent perforated lamellae (PL3), and the corresponding
lattice parameters are determined as a = 20.5 nm and b = 32.0
nm. When f PS increases to 0.66 (F4), the plan-view TEM BF
image (Figure 5d) shows dark in-plane packed cylinders (the
PEO domain) superpositioned on a gray net-like pattern (the
FPOSS domain). The corresponding cross-sectional image
(inset of Figure 5d) reveals that the dark cylinders (the PEO
domain) are packed similar to a hexagonal packing with broken
923
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Figure 6. Set of GISAXS patterns at the incident angle of 0.20° of star-like AC60-based (a) A6 and (b) A7 and FPOSS-based (c) F6 and (d) F7
giant surfactants. The insets represent the cross-sectional illustrations for each morphology, with AC60 and PEO in blue, PS in red, and FPOSS
in green.

assembly. The chemical structure and molecular architecture of
star-like giant surfactants are depicted in Figure 2c and d. Four
pairs of giant surfactants (A2/A6, A4/A7, F2/F6, and F4/F7)
with identical compositions but diﬀerent molecular architectures, which are known as topological isomers, are speciﬁcally
compared. A6 and A7 form LAM and HEX morphologies,
respectively, based on the GISAXS patterns (Figures 6a and b).
The dimension of the LAM morphology of A6 is 10.8 nm,
while the HEX supramolecular lattice of A7 is 14.6 nm,
respectively. The featureless plan-view TEM BF image of A6
conﬁrms the LAM morphology (Figure 7a). Considering the
major component of A7 is the hydrophobic PS block ( f PS =
0.71), the PEO/AC60 blocks form hexagonally packed cylinders

gray lines (the FPOSS domain). Diﬀerent layers of the PEO
cylinders are separated by not only the PS matrix but also the
perforated FPOSS layers, resulting in a nonhexagonal packing
scheme. This complex morphology is termed three-component
cylinder-within-perforated lamellae (CPL3), and the overall
cross-sectional two-dimensional lattice parallel is determined as
a centered rectangular lattice with a = 23.0 nm and b = 35.0
nm. As f PS increases to 0.79 (F5), the GISAXS pattern (Figure
3j) shows a similar diﬀraction pattern to that of F4 (Figure 3i)
but with much lower order, which could be attributed to the
higher molecular weight PS blocks that impeded molecular
mobility during thermal annealing. Nevertheless, the selfassembled morphology of F5 may still be deduced as CPL3
with a = 21.8 nm and b = 34.2 nm, and the low-ordered
morphology can be conﬁrmed from both a plan-view and a
cross-sectional view of TEM BF images (Figure 5e). Due to the
complex structure of CPL3 for F4 and F5, the length of the PS
block does not directly correlate with the size of the 2D lattice.
The increment of the PS block could result in a higher degree
of perforation in the FPOSS layer and/or a smaller domain size
of the PEO cylinders in the 2D lattice.
Notably, diﬀractions at the high angle region (qy = 1.7 nm−1)
are observed in the GISAXS patterns of F1 and F2 (white
arrows in Figure 3f and g), which are attributed to the lateral
packing of FPOSS with a dimension of 3.6 nm. Higher order
diﬀractions of this lateral packing (white arrows, qy = 3.4 and
5.1 nm−1) and the scattering attributed to the mesomorphic
packing of ﬂuorinated chains (black arrows, qz = 12.8 nm−1, dspacing = 0.49 nm) can be observed in the corresponding
GIWAXS patterns (Figure S2f and g). These diﬀractions
conﬁrm the mesomorphic nature of the FPOSS with the
hepadecaﬂuorodecyl chains oriented parallel to the substrate
plane. No diﬀraction at high-angle regions, however, is
observed in the cases of F3, F4, and F5, due probably to the
perforated packing and the low volume fraction of FPOSS
heads.
Phase Structures in Thin Films of Star-like Giant
Surfactants and the Eﬀects of the Architectures. We
conducted parallel studies on the star-like giant surfactants to
illustrate the importance of molecular topology on the self-

Figure 7. Set of TEM BF images of star-like giant surfactants. Planview images of A6 (a), A7 (b), F6 (c), and F7 (d). Insets are
corresponding cross-sectional TME images. Scale bar: 100 nm.
924
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Figure 8. Ternary phase diagram of the overall self-assembly of the giant surfactants. The linear and star-like giant surfactants are depicted by
solid and dashed lines, respectively, with blue representing AC60-based giant surfactants and green representing FPOSS-based ones.

found in the TEM BF image of F7 yet, with shorter correlation
length (Figure 7d), indicating it also forms CSC structure. The
GISAXS patterns can now be indexed correspondingly, and the
hexagonal supramolecular lattice is determined as a = 14.8 and
18.3 nm for F6 and F7, respectively. The details of
computational ﬁtting for the GISAXS patterns and the
corresponding lattice dimensions can be found in Figure S4.
The self-assembled structures of these two sets (linear and
star-like) of giant surfactants are summarized in a ternary phase
diagram based on the calculated volume fraction of each
component (Figure 8). Considering both the MNP component
and PEO block have ﬁxed molecular weights and similar
volume fractions (Table 1), the experimental data points in the
ternary phase diagram are thus reduced near the composition of
f PEO = f MNP (the black dashed line in Figure 8). In this case, the
role of f PS is accentuated in the phase transition. The AC60based topological isomer pairs, A2/A6 and A4/A7, form ML/
LAM and HEX/HEX, while the FPOSS-based topological
isomer pairs, F2/F6 and F4/F7, form LAM3/CSC and CPL3/
CSC.
Stretched PS Block Conformations and Relations to
the Phase Stability. Since the AC60 and FOSS heads possess
ﬁxed interfacial areas, we assume a ﬁxed enthalpy term, Σγ,
where Σ is the interfacial area between the MNP-containing
domain and the PS domain and γ is the interfacial tension, in all
the structures. The length of the PS block is the only tunable
parameter in this study. The morphological phase stability and
transformations are critically associated with the conformation
of the PS blocks. It is therefore desirable to deﬁne a physical
quantity that could be used to provide a qualitative correlation
between the degree of stretching of the PS blocks and the selfassembled morphology. In order to fulﬁll this goal, we deﬁne a
stretching parameter (S) for the PS block. Speciﬁcally, the

that are embedded in the hydrophobic PS matrix. This
morphology is further conﬁrmed by the plan-view TEM BF
image (Figure 7b), with dark streaks corresponding to the
cylindrical PEO/AC60 domain. Similar to their linear analogues,
the hydrophilic AC60 MNPs are dispersed in the PEO/AC60
domain without apparent order, as evidenced by the absence of
diﬀraction in the wide-angle region (Figure S3a and b).
The GISAXS pattern of F6 (Figure 6c) exhibits a typical
diﬀraction pattern of HEX accompanied by an additional
diﬀraction at qy = 1.7 nm−1 (d-spacing = 3.6 nm). The latter has
been recognized as the lateral packing of the mesomorphic
FPOSS structure along their long axes. The higher order
diﬀractions attributed to the lateral packing of FPOSS and the
scattering of mesomorphic packing of ﬂuorinated chains can be
observed in the GIWAXS pattern (Figure S3c). On the other
hand, the GISAXS pattern of F7 (Figure 6d) shows two
Scherrer−Debye rings with second-ordered diﬀractions along
the qz direction, indicating a relatively random-oriented
morphology. The FPOSS MNPs in this case possess a
mesomorphic structure with a short correlation length,
according to the diﬀused diﬀraction at qy = 1.7 nm−1 (dspacing = 3.6 nm). The structure of F7 cannot be determined
solely by the GISAXS technique. The structural information
provided by TEM in real space will be essential to elucidate the
morphology.
The plan-view TEM BF image of F6 (Figure 7c) clearly
shows in-plane aligned cylinders, while the corresponding
cross-sectional image conﬁrms the HEX packing scheme in the
view perpendicular (upper inset of Figure 7c) and parallel
(lower inset of Figure 7c) to the long axes of cylinders. A core−
shell cylinder (CSC)41−43 with a cylindrical core of the FPOSSs
(gray) covered by the PEO shell (dark) embedded in the PS
matrix (light gray) is speculatively proposed. A similar feature is
925
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stretching parameter is deﬁned as the ratio between the PS
domains and the ideal size of the corresponding PS chain.28

S = L /R 0

Table 2. Structural Characterization of the Giant Surfactants
in a Thin Film
thin ﬁlm
sample morphology

(1)

where R0 is an average end-to-end distance of the unperturbed
PS chain that can be calculated based on the degree of
polymerization44 and L is a length characterizing the PS domain
(excluding the contribution of both the PEO and the MNPs).
The average size of the PS domains, L, for the simple structures
corresponding to LAM, HEX, and BCC morphologies can be
calculated based on the volume fractions of each block,
L = DfPS

L=D

L=D

for LAM

fPS2/3
fPS2/3 + fPEO2/3 + fMNP 2/3
fPS1/3
fPS1/3 + fPEO1/3 + fMNP1/3

A1
A2

LAM
ML

(2)

A3
A4
A5
A6
A7
F1

HEX
HEX
BCC
LAM
HEX
UL3/LAM3

(3)

F2
F3

LAM3
PL3

F4

CPL3

F5

CPL3

F6
F7

CSC
CSC

for HEX

for BCC
(4)

where the characteristic length (D) is measured experimentally,
corresponding to the d(001) of LAM, d(100) of HEX, d(100) of
BCC, d(020) of ML, and d(002) of LAM3.
Theoretically, the stretching parameter could be estimated by
the L values of the diﬀerent phases according to the scaling law
L = aNPS2/3,11 where the prefactor a for LAM, HEX, and BCC
was deduced from the cases of A1, A3/A4, and A5, respectively
(Table S1). As a general rule, the values of the stretching
parameter, S, of the linear giant surfactants are close to unity
(Table 2). The structural transition of the linear AC60-based
giant surfactants can roughly be understood by comparing the
stretching parameter (Figure 9). It is evident that experimentally observed morphologies (circled data points) of A1,
A3, A4, and A5 successively adopt LAM → HEX → BCC
morphologies to have S values close to unity (the PS-stretchingfree phases). For the case of A2, however, the estimated S
values of both the LAM and HEX morphology deviate from
unity. The ML phase, on the other hand, could partially reduce
the level of chain stretching and therefore possesses lower free
energy. As a result, A2 was experimentally observed as a
frustrated ML morphology.
In contrast to the linear giant surfactants that exhibit S ≈ 1,
the star-like giant surfactants generally show higher stretching
parameters of as high as S ≈ 1.3 (Table 2). In the case of the
AC60-based topological isomer pairs, S = 1.10 for the ML phase
of linear A2 and S = 1.35 for the LAM phase of star-like A6.
Because of the linear geometry of A2, the midblock of PS can
adopt either bridged or looped conformation45 to accommodate the PS domain in a spacing roughly equal to the endto-end distance of a single PS chain (Figure 10a), while, due to
the star geometry of A6, the AC60 and PEO blocks of an
individual giant surfactant have to locate in the same
hydrophilic domain (Figure 10b), and the hydrophobic domain
is composed of partially overlapped PS blocks among giant
surfactants, resulting in a relatively high stretching parameter (S
= 1.35 for A6). For the other set of topological isomers, A4 and
A7 both form a HEX morphology, yet with diﬀerent domain
spacings. The d(100) of A4 is 10.13 nm with a stretching
parameter of 0.98, while the d(100) of A7 is 14.55 nm with a
stretching parameter of 1.41. Again, the PS block in the linear
A4 can adopt either bridged or looped conformation to make
the PS domain spacing roughly equal to the end-to-end

dimensiona (nm)
(001): 7.90
(100): 11.30,
(001): 17.80
(100): 9.35
(100): 10.13
(100): 16.55
(001): 10.80
(100): 14.55
(001): 24.02,
(100): 16.10/
(001): 14.03
(001): 17.02
(100): 20.50,
(001): 32.03
(100): 23.04,
(001): 35.01
(100): 21.81,
(001): 34.20
(100): 12.81
(100): 13.68

Db
(nm)

Lc
(nm)

R0,PSd

Se

7.90
8.90

3.65
5.47

3.62
4.93

1.01
1.10

9.35
10.13
16.55
10.80
14.55

5.19
5.95
8.48
6.53
8.54

5.47
6.04
8.41
4.83
6.04
3.62

0.95
0.98
1.01
1.35
1.41

8.50

4.79

4.93
5.47

0.97

6.04
8.41
4.83
6.04

a

Dimension of each morphology, determined by the GISAXS patterns.
Characteristic length (D). Due to the structural complexity, the
characteristic dimensions for FPOSS-based samples with morphologies
other than LAM3 are not able to be estimated. cOne-dimensional
length (L) of the PS block in each morphology is deﬁned as eqs 2, 3,
and 4. dAverage unperturbed (freely jointed) end-to-end distance (R0)
of the PS block is calculated as R0 = (NPS/6.92)0.5b, where NPS is the
degree of polymerization and b is the Kuhn length (b = 1.8 nm for
PS).44 ePS block stretching parameter (S).
b

Figure 9. Stretching parameter (S) of the PS block for linear AC60based giant surfactants at diﬀerent f PS. Circled data points indicate
the experimentally observed morphologies, while the squares,
points, and triangles are the calculated values of LAM, HEX, and
BCC, respectively.

distance of a single PS block (S = 0.98) (Figure 10c), while the
PS domain of star-like A7 consists of partially overlapped PS
blocks, resulting in S = 1.41 (Figure 10d).
For the FPOSS-based topological isomers, although it is
impractical to estimate the S for morphologies other than
LAM3 due to the structural complexity, the topological eﬀect
on morphology is similar. Linear F2 and F4 form LAM3 and
CPL3, respectively, and their star-like counterparts F6 and F7,
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Figure 10. Schematic illustrations of molecular conformations in self-assembled morphologies. (a) ML morphology of linear A2 with bridged
and looped midblock PS. (b) LAM morphology of star-like A6. (c) HEX morphology of linear A4 with bridged and looped midblock PS. (d)
HEX morphology of star-like A7.
No signiﬁcant eﬀects of ﬁlm thickness on the morphologies have been
observed.
Grazing Incidence Small-Angle Scattering/Grazing Incidence Wide-Angle Scattering. GISAXS and GIWAXS data were
collected at Sector 8-ID-E at the Advanced Photon Source, Argonne
National Laboratory.46 The grazing incidence X-ray scattering patterns
were recorded at incident angle of 0.20°, which is between the critical
angles of total external reﬂection for the polymeric ﬁlm (0.18°) and
the silicon wafer (0.245°) in order to maximize the scattering signals
from the structures of the entire polymer ﬁlm. Beamline 8-ID-E
operates at an energy of 7.35 keV, and the scattered intensity was
collected by a Pilatus 1M-F area detector. GIXS data were analyzed
using the GIXSGUI package,47 and data are corrected for X-ray
polarization, detector sensitivity, geometrical solid-angle, etc. The beam
size is 100 μm (h) × 50 μm (v) and 200 μm (h) × 20 μm (v), and the
sample−detector distance is 1400.45 and 204.5 mm for GISAXS and
GIWAXS, respectively.
Transmission Electron Microscopy (TEM). TEM experiments
were carried out with a JEOL-1230 microscope with an accelerating
voltage of 120 kV to record the bright ﬁeld images. TEM images were
taken on a digital CCD camera and processed with the accessory
digital imaging software. For enhanced contrast, AC60-based samples
were stained by osmium tetroxide (OsO4) for 16 h and FPOSS-based
samples were stained by ruthenium tetroxide (RuO4) for 10 min. The
darkened blotches in some of the TEM images are the artifacts of the
staining. To obtain cross-sectional images of the thin ﬁlms, the thin
ﬁlms on a silicon wafer were ﬁrst subjected to deposition of a thin layer
of amorphous carbon (∼20 nm). One drop of a poly(acrylic acid)
(PAA) 25% aqueous solution was cast onto the carbon-coated thin
ﬁlm sample. After the solidiﬁcation of the PAA drop, the thin ﬁlm was
peeled oﬀ the silicon wafer by aid of a razor blade. After 20 min of
placing the sample onto a distilled water bath with the PAA drop face
down, the carbon-coated thin ﬁlm ﬂoated free and was subsequently
picked up by a polyimide sheet (125 μm thick). The carbon-coated
thin ﬁlm on the polyimide sheet was then subjected to staining by
either OsO4 or RuO4. Another layer of carbon was deposited on the
stained samples to sandwich the thin ﬁlms by two layers of amorphous
carbon. The samples on the polyimide sheets were further embedded
in epoxy (Epoﬁx cold-setting embedding resin, #1232, EMS) and
sliced by a microtome (PowerTome PC/CR-X cryosectioning system,
RMC) into 80 nm thick slices for TEM observation.

however, both form CSC. In the speciﬁc case of CSC, FPOSS
cylinders are covered by the collapsed PEO shells with the
junction points distributed on the PS/PEO interface (Figure
S5).

CONCLUSIONS
New morphologies were observed in thin ﬁlms of giant
surfactants with an AC60 or FPOSS head and a block
copolymer tail. For linear giant surfactants, the AC60-based
samples show two-component morphologies and a transition
sequence of LAM → ML → HEX → BCC structures, while
three-component morphologies with a morphology transition
sequence of UL3 → LAM3 → PL3 → CPL3 structures are
observed in the FPOSS-based samples, with increasing the
molecular weight of the PS block. The topological isomers of
AC60-based giant surfactants exhibit diﬀerent dimensions yet in
similar or identical morphologies, while those of FPOSS-based
giant surfactants show strong topological dependence on the
stable morphologies. The stretching parameter of the PS block
has been utilized to characterize the bridged/looped chain
conformations with S ≈ 1 for the linear giant surfactants and
the partially overlapped chains with S ≈ 1.3 for the star-like
giant surfactants. Due to the A−B−A′ nature of AC60-based
giant surfactants, the topological eﬀect only reﬂects in terms of
midblock PS chain conformation, i.e., both bridged and looped
PS conformations in the linear giant surfactants and only
bridged PS conformation in the star-like giant surfactants. On
the other hand, because of the A−B−C nature of FPOSS-based
giant surfactants and liquid crystalline FPOSS MNPs, the
topological eﬀect is reﬂected in terms of both the chain
conformation and stable morphologies. The versatile selfassembled morphologies suggest that giant surfactants are an
excellent platform to produce well-controlled supramolecular
structures, and the topology can serve as an additional critical
factor to ﬁne-tune the size and the geometry of structures.
METHODS SECTION

ASSOCIATED CONTENT

Thin Film Preparation. Thin ﬁlms were prepared by spin coating
(Specialty Coating Systems, Inc., spin-coater model P6700) a 1 wt %
tetrahydrofuran (THF) solution of giant surfactants at a spin speed of
6000 rpm for 60 s on silicon wafers. The silicon wafer substrates were
pretreated with piranha solution (concentrated H2SO4/30% H2O2 =
3:1 (v/v)) at 80 °C for 30 min, followed by extensive rinsing with
deionized water, and then dried under nitrogen ﬂow. The thin ﬁlms
were further annealed at 120 °C under vacuum for 16 h. The thin ﬁlms
were used for grazing incidence X-ray scattering (GIXS) experiments
without further treatment, and the same set of thin ﬁlms were
prepared for TEM experiments with a multistep procedure as
described below. The ﬁlm thickness was determined by reﬂectivity
prior to the GIXS measurements (Figure S6 and Table S3). Due to
molecular weight and topology diﬀerences, the ﬁlm thickness
produced at the same experimental conditions caused some variation.
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