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ABSTRACT: Supramolecular crystals were prepared via self-assembly of a series of inclusion complexes of
β-cyclodextrin (β-CD) with poly(ethylene oxide)-block-poly(propylene oxide)-block-poly(ethylene oxide)
(PEO-b-PPO-b-PEO) block copolymer. In this study, two PEO-b-PPO-b-PEO copolymers were used with
different molecular weights for the PEO blocks. On the basis of two-dimensional (2D) wide-angle X-ray
diffraction (WAXD) and selected area electron diffraction (SAED) experiments, the supramolecular crystal
structurewasdetermined tobeamonoclinic latticewith a=1.910nm,b=2.426nm, c=1.568nm, andβ=111�
for both inclusion complex systems. Each crystal unit cell contained four inclusion complexes. The space
group was identified to be C2 symmetry based on the relationship among diffraction spot intensity and
systematic extinctions.With the help of computer simulations of the supramolecular structure, the packing of
inclusion complexes in the crystal lattice could be achieved. The simulated 2D WAXD fiber patterns and
SAED patterns agreed well with the experimental results. Observations of the morphology in transmission
electron microscopy combined with the [001] zone SAED patterns indicated that the supramolecular crystals
are lozenge-shaped, bound by four (110) planes. Furthermore, the tethered PEO blocks were found to
crystallize, and the c-axis of the PEO crystals was nearly parallel to the lamellar surface normal of the
supramolecular crystals. The existence of PEO crystals resulted in additional proof that β-CDs are only
selectively threaded onto the PPO blocks when forming the inclusion complexes. These PEO crystals acted as
locks to prevent the dethreading of the β-CDs from the complexes and physically stabilized the supramo-
lecular structure.

Introduction

Molecular self-assembly, based on noncovalent interactions
and molecular recognition, is a fascinating process that can be
exploited to build up complex supramolecular structures.1,2

Cyclodextrin (CD), one of the promising hosts for macromole-
cular recognition, has been studied for constructing supramole-
cular structures due to its good water solubility and ability to
include a wide range of guest molecules.3-6

CDs are a series of cyclic oligosaccharides, containing 6, 7, or 8
glucose units connected through R-1,4-glycosidic linkages. They
are abbreviated as R-, β-, and γ-CD, respectively. The shape of
CDs is similar to a shallow, truncated cone that possesses a
hydrophilic outer surface. At the primary (narrow-diameter end)
and the secondary (wide-diameter end) rims of the molecule,
there are hydroxyl groups. The central cavity consists of alkyl
groups and glycosidic oxygen atoms and is hydrophobic. These
CD cavities can thus act as a host for a variety of hydrophobic
molecular guests.7,8 It was suggested that a good accommodation

between the cross-sectional area of a polymer chain and the
minimumdiameter size of the cyclodextrin cavity is the key to the
formation of a stable polymer-CD inclusion complex.5,6 The
possibility of selective geometrical accommodation opens an
interesting prospect when considering the complexation behavior
of block copolymers with CDs. Recent studies have demon-
strated that in inclusion complexes ofCDswithblock copolymers
CDs can perform “site-selective complexation” on a specific
segment of the block copolymer due to steric fitting, hydrophobic
(or van derWaals) interaction, and/or other interactions between
the cavity of CDs and the polymer, which can generate and/or
enhance amphiphilicity of the block copolymers and further self-
organize into supramolecular aggregates.9-20 Furthermore, this
self-assembled supramolecular structure can be manipulated by
controlling temperature,9,10 pH value,16 and solvent type.17,18

The tunable supramolecular structure through aggregation of
inclusion complexes opens a great potential for applications in
biomedical technologies9,10,13,16,20 and nanoscience.17-19

The complexation behavior between poly(ethylene oxide)-block-
poly(propylene oxide)-block-poly(ethylene oxide) (PEO-b-PPO-b-
PEO) and β-CD has attracted great interests21-27 since the compli-
catedassociationandwidespreadutilityofPEO-b-PPO-b-PEO,also

*To whom correspondence should be addressed. E-mail: ymchen@
iccas.ac.cn (Y.C.), lotz@ics.u-strasbg.fr (B.L.), scheng@uakron.edu
(S.Z.D.C.).



Article Macromolecules, Vol. 43, No. 22, 2010 9455

known as Pluronics, provide a good framework for the study of
inclusion complexation behavior. Furthermore, the inclusion
complexes are reversibly soluble and insoluble in response to
temperature in aqueous solution. Therefore, it provides a robust
model of stimuli-responsive supramolecules for nanoscale
devices.21,22 Recent studies in our group28 have clarified the
complexation behavior between PEO-b-PPO-b-PEO and β-CD
utilizing solution and solid-state NMR experiments. The results
indicated that the β-CDs possess selectivity on the PEO-b-PPO-b-
PEO after complexation and only thread onto PPO blocks, not
PEO blocks. However, the self-assembled supramolecular struc-
ture based on this inclusion complex has not been reported so far.

In this work, the supramolecular aggregate formed via self-
assembly of inclusion complexes has been prepared, and the
structurewas determined, which is illustrated in Scheme 1.On the
basis of wide-angle X-ray diffraction (WAXD), transmission
electron microscopy (TEM), and computer simulation, the mo-
lecular packing in the supramolecular crystal structure can be
built. The supramolecular structure exhibits a lozenge-shaped
crystal morphology with {110} faces. Unlike less-ordered (or
disordered) self-assembled aggregates such as micelles14 and
vesicles,16 the supramolecular structure is constructed from a
three-dimensionally well-defined crystal structure in aqueous
solution. This hierarchical self-assembly of a well-ordered crystal
structure provides one of the practical strategies to the develop-
ment of “bottom-up” nanotechnology.

Experimental Section

Materials. Two samples of PEO-b-PPO-b-PEO block copo-
lymers with different molecular weights were purchased from
Aldrich and were supplied as commercially available samples
from BASF (EPE77 and EPE146). β-Cyclodextrin (β-CD) was
purchased from Acros. All samples were used as received, and
the molecular characteristics of PEO-b-PPO-b-PEO block co-
polymers and β-CD conducted using gel permeation chroma-
tography (GPC) and 1H NMR are listed in Table 1.

Preparation of Inclusion Complexes of PEO-b-PPO-b-PEO
with β-CD. An aqueous solution of β-CDs was mixed with an
aqueous solution of copolymers in amolar ratio of β-CD/PO=1:1
at room temperature. The temperature and concentration of
the block copolymer solutions were controlled to be below the
critical micellization concentration.29 After mixing with β-CDs,
solutions graduallybecame turbidand finally producedwhite preci-
pitates, apparently indicating the formation of inclusion complexes.

For TEM experiments, a drop of inclusion complex solution
was pipetted onto a 400-mesh copper grid with a carbon-coated
supporting film and washed with water twice. The samples were
dried in a vacuum oven for 3 days at room temperature. The
samples prepared forone-dimensional (1D)WAXDwere vacuum-
filteredwith 0.4μmfilter paper andwashedwith a limited amount
of distilled water. After drying in vacuum at room temperature
for 3 days, the bulk samples were gently ground into powder. To
obtain an oriented supramolecular crystal for 2DWAXDexperi-
ments, the samples were prepared from the precipitated inclusion
complex by slow sedimentation during filtration on the filter
paper and dried in a vacuumoven at room temperature, again for
3 days. The same sample treatment procedure was followed to
completely remove water from the samples. The abbreviations of
the inclusion complexes between β-CD and the two copolymers
areβ-CD/EPE77andβ-CD/EPE146, respectively. Thenumerical
portion represents the overall weight-average molecular weights
of the triblock copolymers.

Experiments andMeasurements.The thermal properties of the
inclusion complexes were characterized with a Perkin-Elmer
PYRIS Diamond DSC with an Intracooler 2P apparatus. The
temperature and heat flow scales were calibrated at different
heating and cooling rates (1-40 �C/min) using the standard
materials. 1D WAXD patterns were obtained with a Rigaku
Multiflex 2 kWautomated diffractometer using CuKR radiation
(0.1542 nm). The samples were scanned across a 2θ range of
2�-35� at a 1�/min scanning rate. The peak positions were
calibrated using silicon powder in the high-angle region (>15�)
and silver behenate in the low-angle region (<15�). For 2D
WAXD patterns, a Rigaku 18 kW rotating anode X-ray gen-
erator attached to an R-AXIS-IV image plate system was used.
The exposure time to obtain high-qualityWAXDpatternswas 45
min.The same standardswere used to calibrate the 2θ angles. The
crystal unit cells were determined by constructing reciprocal
lattices.Computer refinementwas conducted to find the solutions
with the least error between the calculated values and the experi-
mental results.30-34 TEM experiments were carried out with a
PhilipsTecnai 12usinganaccelerating voltageof 120kV.Selected
area electron diffraction (SAED) patterns were obtained using a
TEM tilting stage to determine the crystal structure parameters.
The d-spacings were calibrated using a TlCl standard. Computer
molecular modeling and analysis of the diffraction patterns were
performed using the Cerius2 package of Accelrys. The lowest
energy conformation of a pair of β-CDs included with two
repeating units of propylene oxide was chosen as the starting
conformation. Basic unit cell parameters determined by crystal-
lographic experimental data from 2DWAXD and SAED experi-
ments were used to build the crystal unit cell. The positions of
atoms in this unit cell were judged by comparing their calculated
diffraction patterns with those of experiments.

Results and Discussion

Identification of the Supramolecular Crystal Structure of
Self-Assembled Inclusion Complexes. Figure 1 exhibits a set

Table 1. Molecular Characteristics of PEO-b-PPO-b-PEO Triblock
Copolymers and β-CD Samples

sample compositiona Mn
b (g/mol) Mw/Mn

b
PPO

contenta (wt %)

EPE77 EO64PO37EO64 7700 ∼1.2 27
EPE146 EO137PO44EO137 14600 ∼1.2 17
β-CD C42H70O35 1134

aDetermined by 1H NMR. bDetermined by GPC.

Scheme 1. Supramolecular Structure Formed via Hierarchical Self-Assembly Processes
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of 1D WAXD powder patterns observed for the self-
assembled inclusion complexes, pure EPE77, and hydrated
β-CD at room temperature in a 2θ range from 3� to 35�. In
the pure copolymer system, the PEO blocks crystallized to
form a monoclinic structure with a=0.805 nm, b=1.304 nm,
c=1.948 nm, and β=125.4�.35 Therefore, in the WAXD
of EPE77 (Figure 1a), there are two prominent reflection
peaks at 2θ=19� assigned as the (120) reflection and at 2θ=
23� which is attributed to several overlapped reflections.36

The hydrated β-CD (Figure 1d) was reported to have a
herringbone packing structure when it is complexed with
water. Its crystal structure possesses a monoclinic unit cell
with a = 2.126 nm, b = 1.031 nm, c = 1.512 nm, and β =
112.3� with a space group of P21.

37 The diffraction patterns
of the two self-assembled β-CD/EPE inclusion complexes
shown in Figure 1b,c are quite different from the WAXD of
the hydrated β-CD and pure copolymer. These differences
indicate that the inclusion complexes form a different crystal
structure. However, 1D WAXD powder patterns do not
provide structural symmetry and unit cell lattices due to the
lack of dimensionality of these reflections. Therefore, it is
insufficient for complete structure determination. In order
to accurately determine the supramolecular crystal structure
of self-assembled inclusion complexes, a 2D WAXD fiber

pattern from oriented crystals is required. The oriented
single supramolecular crystal mats possess 2DWAXD fiber
patterns as shown in Figure 2. These WAXD fiber patterns
exhibit reflections not only on the equator and the meridian
but also in quadrants (Figure 2a,b). After crystallographic
analysis, it was found that the diffraction spots which are on
the meridian in the low-angle region (2θ<5�) do not belong
to the supramolecular crystal structure but are attributed to
the alternating layers formed by stacking the supramolecular
structures on top of each other during sedimentation
(Figure 2), which indicates a uniformity in the size of the
crystals along the drying direction. In addition, the diffrac-
tion pattern in Figure 2b also includes the PEO crystal
diffraction and will be discussed later. At this moment, we
exclude those diffractions attributed to the PEO crystal and
alternating layers. For the inclusion complex crystals, we can
identify that the c*-axis is on the meridian and that the b*-
axis is on the equator, yet the a*-axis is 21� tilted away from
the equator. Therefore, the (00l) planes are on the meridian
and the (0k0) planes are on the equator. Using the reciprocal
lattice method and refinement procedure,30-34 the unit cell
for the supramolecular crystal structure of β-CD/EPE77
(Figure 2a) is monoclinic with a = 1.910 nm, b = 2.426 nm,
c = 1.568 nm, and β=111�, and one crystal unit cell con-
tains four inclusion complexes. The experimentally observed
and calculated diffraction angles (2θ) and d-spacing values of
the crystal lattice are listed in Table 2. The space group is C2

symmetry determined based on the relationships among
diffraction spot intensities and the systematic extinctions.
It is noteworthy that crystal structures for β-CD/EPE146
(Figure 2b) also show an almost identical monoclinic space
group C2 with a = 1.900 nm, b = 2.435 nm, c = 1.570 nm,
and β = 111� (see Table 3).

The supramolecular crystal structure can be further con-
firmed by the SAED experiments obtained from the supra-
molecular single crystal in TEM. Figure 3a shows an SAED
pattern of the [103] zone, and the c*-axis of the single crystal
is parallel to the electron beam, indicating the ab-plane of
this crystal lies on the copper grid surface. On the basis of the
determined monoclinic structure from 2DWAXD, the elec-
tron diffraction patternwith the [001] zone (Figure 3b) can be
obtained by tilting clockwise 21� around the b*-axis. In
Figure 3b, the odd-numbered diffraction spots on the (0k0)
axis are extinct; therefore, the diffraction spots on themeridian
that remain are the (020), (040), and (060) diffractions with a
d-spacing of 1.21 nm between the neighboring (020) planes.

Figure 1. WAXD powder diffraction patterns for the EPE77 triblock
copolymer (a), the β-CD/EPE77 inclusion complexes (b), the β-CD/
EPE146 inclusion complexes (c), and the hydrated β-CD (d).

Figure 2. 2DWAXD fiber diffraction patterns for the supramolecular structure of the β-CD/EPE77 inclusion complexes (a) and the β-CD/EPE146
inclusion complexes (b). The ring diffraction pattern at 2θ = 28.46� is attributed to standard sample of silicon powder.
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Along the a*-axis, a pair of weak diffraction spots with a
d-spacing of 0.95 nm is assigned as the (200) diffraction since
the odd-numbered diffraction spots are also extinct. The γ*
angle between the a*- and b*-axes is 90�, which is consistent
with the γ-angle calculated based on the 2DWAXD results.
The 2D unit cell assignment of the ab-plane is, therefore,
found to agree well with the structure determined via the 2D
WAXD experiments (as shown in Figure 2).

From the results of the 2D WAXD fiber patterns and
SAED patterns, the supramolecular single crystal structure
obtained from another PEO-b-PPO-b-PEO copolymer with
β-CD (β-CD/EPE146) also possesses the identical crystal
structure as analyzed forβ-CD/EPE77 inFigures 2 and 3.On
the basis of our previous studies provided from the nuclear
magnetic resonance results,28 the threaded β-CD molecules
in both of these systems are located around the PPO blocks.
The only difference is the molecular weights of the PEO
blocks are different in these two systems. Therefore, we can
conclude that in these supramolecular single crystals the
PPO blocks with threaded β-CDs are the building blocks,
and they are closely packed to form the lamellar single crystals.
The PEO blocks are attached to the lamellar crystal surfaces,
acting as tethered chain molecules. Only closely packed supra-
molecular single crystals having long-range order can exhibit
diffractions in WAXD and SAED patterns (Figures 2 and 3).

Crystallographic Simulation of Molecular Packing. The
supramolecular building block packing in the single crystal
can be verified via computer calculation. To build up this
structure with four inclusion complexes with the C2 space
group, basic unit cell parameters according to the experi-
mental data deduced from the 2DWAXDand SAED results
are used. Since the tethered PEO blocks do not take part in

the supramolecular single crystals, we excluded them in this
computer calculation. Only the PPO blocks and threaded β-
CDs are involved in this simulation. Figure 4 presents a series
of the supramolecular building block packing schemes along
different zones. These schemes are used to generate the
calculated 2DWAXDfiber pattern and the [001] zone SAED
pattern as shown in Figure 5a,b, which are the best fits with
the experimental results. The computer simulation shown in
Figure 4 reveals that one threaded β-CDon the PPOpolymer
chain occupies two chemical repeating units of PPO, since
one β-CD possesses a height of 0.75 nm and two chemical
repeating units of PPO is 0.71 nm in its free energyminimized
conformation of an extended PPO chain. Furthermore, as
shown in Figure 4a, the β-CDs are suggested to be in a tail-
to-tail arrangement along the extended PPO chain (the c-axis
in the crystal) to form a 1D column as the building block to
construct the supramolecular single crystals. This type of
columnar building block has been frequently observed in the
cases when β-CDs formed channel-type inclusion complexes
with guest molecules.38-45 In the columnar building blocks,
β-CDs tend to arrange into the thermodynamically most
stable tail-to-tail dimers (a motif of the column) because in
such a dimer arrangement the inter-β-CD hydrogen bonds
between the secondary hydroxyls are preferentially formed.
However, β-CDs are not stacked in a straight line when
viewing along the b-axis but, rather, form an inclined column
as shown inFigure 4a. The explanation for the inclined column
structure could be attributed to a cooperation of interactions
resulting from hydrogen bonding between β-CDs as well as
spatial fitting between β-CDs and the atactic PPO chain.
Note that the atactic PPO chain does not possess a con-
formational regularity and that it is selectively included in
the inner cavity of β-CDs. The overall PPO block conforma-
tion in the single crystals is a balance between the need to
minimize intramolecular steric interaction of the PPO itself
and space filling the β-CD cavity by maximizing the PPO-
β-CD physical interactions. The distance between β-CD and

Table 2. Crystallographic Parameters of Supramolecular Structure of
β-CD/EPE77 Inclusion Complexes

2θ (deg) d-spacing (nm)

no. hkl exptla calcb exptla calcb

1 (001) 6.03 6.03 1.46 1.46
2 (110) 6.15 6.15 1.44 1.44
3 (020) 7.28 7.28 1.21 1.21
4 (201) 9.62 9.59 0.92 0.92

5 (200) 9.92 9.92 0.89 0.89
6 (112) 11.9 11.8 0.74 0.75

7 (130) 12.0 12.0 0.74 0.74
8 (002) 12.1 12.1 0.73 0.73
9 (202) 12.5 12.6 0.71 0.70

10 (131) 12.6 12.6 0.70 0.70

11 (201) 13.5 13.4 0.66 0.66
12 (022) 14.1 14.1 0.63 0.63
13 (040) 14.6 14.6 0.61 0.61
14 (222) 14.6 14.6 0.61 0.61

15 (112) 15.1 15.1 0.59 0.59
16 (310) 15.4 15.3 0.58 0.58
17 (132) 15.7 15.7 0.56 0.56

18 (041) 15.8 15.8 0.56 0.56
19 (240) 17.7 17.7 0.50 0.50
20 (202) 18.2 18.2 0.49 0.49
21 (132) 18.3 18.3 0.49 0.49
22 (311) 18.5 18.4 0.48 0.48
23 (330) 18.6 18.5 0.48 0.48
24 (150) 18.9 18.9 0.47 0.47
25 (241) 19.9 19.8 0.45 0.45
26 (422) 20.7 20.6 0.43 0.43

27 (152) 21.5 21.5 0.41 0.41

28 (060) 21.9 21.9 0.41 0.41
29 (260) 23.8 24.1 0.37 0.37
30 (170) 26.0 26.2 0.34 0.34

aExperimental values observed in Figure 2a. bCalculated based on the
monoclinic unit cell ofa=1.910nm,b=2.426nm, c=1.568nm,R=90�,
γ= 90�, and β= 111�.

Table 3. Crystallographic Parameters of Supramolecular Structure of
β-CD/EPE146 Inclusion Complexes

2θ (deg) d-spacing (nm)

no. hkl exptla calcb exptla calcb

1 (001) 6.03 6.03 1.466 1.466
2 (110) 6.16 6.16 1.434 1.434
3 (020) 7.26 7.26 1.22 1.22
4 (201) 9.65 9.63 0.92 0.92

5 (200) 9.97 9.97 0.89 0.89
6 (112) 11.9 11.8 0.74 0.75

7 (130) 12.0 12.0 0.74 0.74
8 (002) 12.1 12.1 0.73 0.73
9 (131) 12.6 12.6 0.70 0.70

10 (022) 14.1 14.1 0.63 0.63
11 (040) 14.5 14.5 0.61 0.61
12 (222) 14.6 14.6 0.61 0.61

13 (112) 15.0 15.1 0.59 0.59
14 (310) 15.4 15.4 0.57 0.57
15 (132) 15.7 15.7 0.56 0.56

16 (240) 17.6 17.6 0.50 0.50
17 (330) 18.6 18.6 0.48 0.48
18 (150) 18.9 18.9 0.47 0.47
19 (241) 19.9 19.8 0.45 0.45
20 (422) 20.6 20.6 0.43 0.43

21 (152) 21.5 21.4 0.41 0.41

22 (060) 21.9 21.9 0.41 0.41
23 (260) 24.2 24.1 0.37 0.37
24 (170) 26.1 26.1 0.34 0.34

aExperimental values observed in Figure 2b. bCalculated based on the
monoclinic unit cell ofa=1.900nm,b=2.435nm, c=1.570nm,R=90�,
γ= 90�, and β= 111�.
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PPO has been investigated to be less than 0.4 nm evidenced
by 2D ROESY experimental results as reported in our pre-
vious study.28 The conformation of the PPO chain contains
both trans and gauche configurations. As a result, the PPO
chain is disordered within the cavity of β-CDs and does not
contribute to the crystallographic symmetry.

On the basis of quantitative analysis of the 2DWAXD fiber
patterns as shown inFigure 2, it is observed that the intensity of
the diffraction for the (002) spot is stronger than that of the
(001) spot. In addition, the diffraction spots of the (150), (240),
(132), (112), (310), and (330) planes also possess strong diffrac-
tion intensities. From the computed packing scheme in the

crystal lattice, it has been determined that the (002) planes are
located on the secondary hydroxyls of the β-CDs compared
with the (001) planes. Only the primary hydroxyl groups are
locatedon the (001) planes.Therefore, the (002) planepossesses
a higher number of atoms and thus contributes to a stronger
electron density. On the other hand, the stronger intensities on
the (150), (240), (132), (112), (310), and (330) diffractions are
due to the fact that the hydroxyl groups and/or the glycosidic
oxygen atoms of β-CD are largely located on these planes.

Crystal Morphology of Supramolecular Structure of Inclu-
sion Complexes. Figure 6a shows a supramolecular single
crystal morphology observed in TEM and its corresponding

Figure 4. Molecular packing schemes based on computer simulation. The channel-type structure composed of four symmetric related inclusion
complexes viewed along the b-axis (a), the molecular packing in the crystal lattice viewed along the [001] zone (b), viewed along the [010] zone (c), and
viewed along the [100] zone. The molecular packing schemes of (b), (c), and (d) contain four unit cells along each projection plane.

Figure 3. TEM bright field morphology (inset image) and SAED of the [103] zone for the single supramolecular crystal of β-CD/EPE77 inclusion
complexes (a) and the [001] zone (b). The pattern of (b) was obtained by tilting 21� around the b*-axis from pattern (a).



Article Macromolecules, Vol. 43, No. 22, 2010 9459

SAEDpattern from the [001] zone. The observedmorphology
under TEM was lozenge-shaped. On the basis of the [001]
zone SAED pattern, the b*-axis points toward the acute
angle,while the a*-axis is toward the obtuse anglewith respect
to this crystal morphology. The acute angle is estimated to be
∼73�, which matches the acute angle between the (110) and
the (110) planes calculated based on the computer simulation
(Figure 6b). Therefore, the observed lozenge-shaped supra-
molecular single crystal is bounded by four (110) planes.
From the crystallographic point of view, for a monoclinic
unit cell with β=111� to construct a lozenge-shaped single
crystal, the necessary condition is that this single crystal must
align the long axis of this columnar building block parallel to
the c-axis as shown in the computer simulation (Figure 4a)
and a flat crystal surface that is parallel to the a*b-plane
(Figure 4b). Note that the size of the supramolecular single
crystal along the c-axis (Figure 4c) is limited by the length of
the PPO block that can accommodate the threaded β-CDs
along the chain direction.46,47 Furthermore, the existence of
the PEO blocks as tethered chains on both sides of the single
crystal surfaces does not allow crystal development along the
[001] direction. Hence, the supramolecular crystal can only
grow along a*- and b-axes, resulting in the lozenge-shaped
lamellar single crystal morphology (Figure 6a).

Crystallization Behavior and Crystal Orientation of PEO
Blocks on the Supramolecular Crystal. The structure of PEO
crystals has beenwell-studied and is commonly observed as a
monoclinic unit cell, formed from a helical conformation,
with a = 0.805 nm, b = 1.304 nm, c = 1.948 nm, and β =
125.4�.35,36,48-54 The PEO single crystal is a flat platelet with
the c-axis normal to the basal surface, which means the basal
plane is close to the (104) with a squarelike shape bound by
four (120) planes. Therefore, the PEO single crystal grows
parallel to the a*b-plane.49-52 In our supramolecular com-
plex systems, the molecular weights of the PEO blocks are
high enough to crystallize at room temperature.53,54 On the
basis of our differential scanning calorimetric study, the
crystallinity of the PEO blocks in β-CD/EPE77 is only about
6%. They do not provide strong crystal diffraction in the 2D
WAXD pattern as shown in Figure 2a. Nevertheless, the
PEO blocks in β-CD/EPE146 can possess a crystallinity up
to 21%. Therefore, the PEO crystal diffraction must be
included in the 2D WAXD pattern as shown in Figure 2b.
This provides an opportunity to investigate the crystal orien-
tation of the PEO blocks after they have crystallized on the
supramolecular single crystals. To remove previous thermal
history during water evaporation, the samples are heated to
80 �C tomelt all the PEO crystals and subsequently cooled to

Figure 6. TEMbright fieldmorphology image andSAEDpattern of the [001] zone (inset) for a single supramolecular crystal ofβ-CD/EPE77 inclusion
complexes (a) and the resultant crystal morphology based on computer simulation (b).

Figure 5. Computer calculated 2D WAXD fiber pattern (a) and SAED pattern of the [001] zone (b) which is the best fits with the experimental 2D
WAXD (Figure 2) and SAED diffraction patterns (Figure 3b).
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room temperature. Compared with 2D WAXD fiber pat-
terns of β-CD/EPE77 (Figure 2a), the PEO crystal diffrac-
tions in the 2D WAXD fiber patterns of β-CD/EPE146 can
be identified, and they are indicated by red and blue circles as
shown in Figure 7a. The red circle marked diffractions are
attributed to the (120) planes at 2θ=19� (d-spacing=0.463nm),
while the blue circle marked diffractions at 2θ = 23�
(d-spacing = 0.390 nm) belong to the mixed diffractions of
the (132), (032), (212), (112), (124), (204), and (004).35,36 The
azimuthal profile for first ring of (120) diffractions is shown
inFigure 7b, and the (120) planes are atφ=90� and 270�. On
the basis of the 2DWAXDexperiments, it was found that the
c-axis of the PEO crystal is parallel to the basal surface
normal of the supramolecular single crystal (the a*b-plane of
the supramolecular lattice), as schematically illustrated in
Figure 7c. Furthermore, we have carried out several iso-
thermal crystallization experiments for these PEOblocks in a
wide temperature region from -20 to 30 �C; no PEO crystal
orientation change was observed. Therefore, it is concluded
that the nano-confinement in this casemust be different from
the PEO confined crystallization between polystyrene layers
in the diblock copolymers.55-57

The observation of the PEO crystals on the surface of the
supramolecular single crystals is also indicative that the
β-CDs are selectively threaded onto the PPO blocks.
Furthermore, the PEO crystals now form “locks” for the
β-CDs to not allow them to escape from the supramolecular
single crystals. The results indicate that stable and well-
ordered supramolecular single crystals can be constructed
through self-assembly of inclusion complexes in aqueous
solution, which provides a new approach for built-up nanos-
tructures via hierarchical self-assembly processes.

Conclusions

In summary, supramolecular crystal structures are formed via
self-assembly of a series of β-CD/PEO-b-PPO-b-PEO inclusion
complexes. On the basis of 2DWAXD fiber patterns and SAED
patterns, the crystal structure was determined to be monoclinic
with a = 1.906 nm, b = 2.430 nm, c=1.572 nm, and β = 111�
for all the inclusion complex systems studied. Each crystal unit
cell contains four inclusion complex building blocks. The space

group is C2 determined based on the relationship among diffrac-
tion spot intensity and systematic extinctions. Through computer
simulation of supramolecular structure utilizing the Cerius2

software, the packing of inclusion complexes in the crystal lattice
was investigated. The simulated 2D WAXD fiber patterns and
SAED patterns agreed well with experimental results. The obser-
vation of crystal morphology from TEM and combined with
[001] zone SAED patterns indicates that the supramolecular
crystal structures are lozenge-shaped and bound by four (110)
planes. Furthermore, the 2DWAXD experiment results revealed
that the tethered PEO blocks can crystallize on the supramolec-
ular crystals when their molecular weights are high enough. The
c-axis of the PEO crystals is oriented parallel to the basal surface
normal of the supramolecular crystal. The finding of PEO block
crystals on the supramolecular structure provides additional
proof that β-CDs only selectively thread onto the PPO block
when forming inclusion complexes.
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