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Soft Matter

Precise Control of Cyclodextrin-Based Pseudo-Polyrotaxane
Lamellar Structure via Axis Polymer Composition

Shuntaro Uenuma,* Rina Maeda, Hideaki Yokoyama, Kohzo Ito*

A self-assembly of cyclodextrin (CD) with guest polymers has attracted much attention owing to its biocompatibility and
accessibility. In this study, we investigate the composition effect of poly(ethylene oxide),-b-poly(propylene oxide),-b-
poly(ethylene oxide),, (EO,,PO,EQ,,) triblock copolymers on lamellar or plate structures formed by complexation with 8-CD.
EOsPO,EQs, EO14PO,EQy,, and EO75PO,EO;5s show periodic lamellar morphology consisting of single-crystalline pseudo-
polyrotaxane (PPR) nanosheets with a thickness equal to the central PO length. This is because 8-CDs selectively cover the
PO component and cause the microphase separation between 8-CD and EO layers. The thickness of the EO layers increases
linearly with increasing number of EO units, which suggests that the EO chains are constrained into virtual cylinders with the
diameter of the 8-CD. This means that we can precisely control the thickness of both the crystal (6-CD and PO) and the
amorphous (EO) layers in the lamellar structure. In contrast, EO,PO,,EO, forms a thin plate structure, where not only PO but
also EO chains are covered with 8-CD. Furthermore, the length of the central PO component is necessary to form the lamellar
structure with the phase separation between the 8-CD and EO layers. These findings provide a more fundamental

understanding to enhance the variety and applicability of CD-based self-assembled materials.

Introduction

Supramolecular self-assembly is a bottom-up process producing
higher ordered structures.'™ The forces of self-assembly are
based on noncovalent interactions such as hydrogen bonding,
hydrophobic, electrostatic, host-guest, and m-mt interactions, as
well as crystallization. Compared to structures created by top-
down processes, materials fabricated via supramolecular self-
assembly have the capability to dynamically modify the higher
order structures induced by the change in parameters such as
temperature, pressure, and concentration of the solutions.>=8

The design of the higher order structure is based on the choice
of the building blocks and is one of the featured advantages of
supramolecular self-assembled materials. Since the nano- and
micro-scale structures affect the physical properties of the
materials, several attempts were made in the past few decades
to control the higher order structures.®~1? Block copolymers
form various types of periodic arrangements through
microphase separation between immiscible components.
Higher order structures can be controlled by designing the
copolymer composition.’®*?> Hydrogen bonds and m-mt
interactions are also promising elements to control shape and
geometry of the resulting higher order structure owing to their
directionality. Rosettes consisting of hydrogen-bonded cyclic
hexamers can form one-dimensional supramolecular
polymers.'® Stupp et. al. reported unique structures such as
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fibers, nanotubes!” and mash-rooms!® strategically utilizing the
hydrogen bonds incorporated in the building blocks.

Recently, crystallization-driven self-assembly has attracted
much attention to construct two-dimensional (2D) materials
that are to date difficult to produce via self-assembly.19-21 This
concept is derived from the formation of the lamellar sheets of
crystalline polymer that was reported over 60 years ago.?2 By
introducing crystalline segments into block copolymers they
crystallize, and the other non-crystalline part disturbs the
crystal growth of the whole chain, leading to the formation of a
well-defined and distinct higher order structure, reflecting the
single crystal structure.?3

Complexation of cyclodextrin (CD), a representative of a host
molecule, with a guest polymer creates a self-assembled
structure.2*28 The CD crystallizes based on the multi-point
hydrogen bonds and forms a well-defined structure. Recently,
our group reported that the complexation of CDs and polymers
is a feasible way to control the morphology of the self-
assembled structure.??-31 Especially, the selective inclusion of 8-
CD into the central propylene oxide (PO) segment of carboxyl-
terminated poly(ethylene oxide)ss-block-poly(propylene
oxide),q-block-poly(ethylene oxide);s (COOH-EO75PO,9EOQs:
subscripts denote the number of monomer units) leads to the
formation of nanosheet materials, which are called pseudo-
polyrotaxane (PPR) nanosheets, because of the stronger
interaction of 8-CD with PO than with EO.3° The thickness and
rhombus-like shape of the nanosheet are determined by the
length of the PO segment and the single crystal structure of the
B-CD, respectively.

Although the selective inclusion of 8-CDs into the triblock
copolymer generated the nanosheet structure, the EO and PO
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chain length effect of the EOPOEO triblock copolymer was not
examined. To control the morphology, geometry, and d-space
of the CD-based self-assembled structure, it is necessary to
understand the axis effects of the triblock copolymer
composition in the higher order structure. In this study, we
investigated how the EO and PO segment length of EOPOEO
affects the higher order structure formed by the complexation
with 8-CD. EO,,PO,4EQ,, with a variety of m units was used to
systematically study the effect of the EO segment length.
Furthermore, since EOQ;,,PO.,EOQ;; and EOsPO,EOQOs have the
same chain length but a different composition, the structures of
their 8-CD complex were compared to assess the effect of PO
chain length on the self-assembly. The samples were prepared
by just mixing the axis copolymers and 8-CD in water. The
crystal and meso-scale structures of the aqueous samples were
analyzed using wide and small angle X-ray scattering (WAXS and
SAXS). The micro-order morphologies were observed using
scanning electron microscopy (SEM).

Results and discussion

EO chain length effect of EO,,PO,,EO,,

To systematically investigate the effect of EO chain length, a
series of EQ,,PO,9EQ,, triblock copolymers with the same PO
length  (EO,PO,EQ,;, EOsPO,EOQOs, EO14PO50EQ.4, and
EO,oPO,9EOQ,0) was used and the structures of their complexes
with B8-CD were analyzed. The samples were named
B6CD/EO,PO,3EOQ,;, BCD/EOsPO,95EOQs, BCD/EO;4PO,9EOQ14, and
BCD/EO,,P0,9EO,, respectively.

The crystal structures of the aqueous samples were analyzed
using WAXS (Figure 1). All samples show the characteristic
peaks (the crystal planes are indicated in Figure 1, where
parenthesis denote the crystal planes that have relatively weak
intensities) derived from the conventional crystal structure of 8-
CD with polymers (monoclinic, a =1.910 nm, b = 2.426 nm, c =
1.568 nm, a =y =90°, 8 =111 °).32 As shown in Figure 1, the
001 peak (20 = 5.9 °), whose reciprocal vector is parallel to the
B-CDs’ height direction, becomes broader as the EO chain
length increases, especially for BCD/EO,,PO,9EQ,0. This means
that the crystallite size in the direction perpendicular to the 001
plane decreases.

The morphologies of the dried samples were observed using
SEM (Figure 2). BCD/EO,PO,9EO, and B8CD/EOsPO,4EOs form
plate structures with an edge length from 1 to 2 um and display
arhombus shape. The shape reflects the single crystal structure
of the 8-CD shown in the WAXS experiments.3233 |n the cases of
BCD/EO14P0,9EQ;, and BCD/EO,,P0O,4EQ5,, thinner plate or
sheet structures with similar shape are observed. This
correlates with the broader 001 peak of 8CD/EO,,PO,4EO
compared to that of BCD/EO,PO,4EQ, (Figure 1). The SEM
observations confirm the formation of the ordered
microstructures based on the single crystal structure of 8-CD.

Next, to analyze the mesoscale structure, SAXS experiments
were performed with the aqueous samples (Figure 3). The SAXS
profile of 6CD/EOQ,P0,5EQ, shows no peaks and fringes, which
means that there are no periodic phase-separated structures. In
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Figure 1. WAXS profiles of 6CD/EO,PO,4EO,, BCD/EOsPO,4EOs,
B6CD/EO14P029EO14, and BCD/EO,,PO,9EO.

(c) (d)
Figure 2. SEM images of (a) 8CD/EO,P0,5EQ,, (b) 6CD/EOsPO,EOs, (c)
BCD/EO14P0,9E014, and (d) BCD/EO,oPO,9EO.

contrast, other samples exhibit the structure and form factors
of regular structures. It is generally known that 8-CD covers PO
chains but not those of EQ.34 Therefore, if 8-CD covers only the
PO chains of EOQ,,PO,9EQ,,, single-crystalline PPR nanosheets of
a thickness equal to the PO chain length should be formed
because of the microphase separation between 8-CD and EO
chains.3° Moreover, when the PPR nanosheets are stacked, the
lamellar structure consisting of both the crystal (6-CD and PO)
and EO layers should be yielded.3° However, BCD/EO,PO,4EOQ,
does not generate such lamellar structures, although it shows
the plate structure in SEM. This suggests that 8-CDs possibly
covered the whole axis chain including 2 EO units (Figure 4a). It
was reported that 6-CD covers EO chains at specific
conditions.3> In this case, the plate crystal of 8-CD without
phase separation was possibly formed, gaining a large

This journal is © The Royal Society of Chemistry 20xx
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crystallization enthalpy which balanced the disadvantage that
B-CDs covered unfavorable EO segments.

The SAXS profiles of BCD/EOsPO,9EOQsand BCD/EO14P029EOQ4,
on the other hand, display primary peaks at g* = 0.050 A-* and
0.043 A-® and their secondary peaks are observed at twice the g
values of the primary ones. This indicated that lamellar
structures with a d-spacing of 12.6 nm and 14.5 nm were
formed with respect to B6CD/EOsPO,9EOs and
6CD/EO.14P0O,0EQ,,4, generating nanosheet structures with
stacking (Figure 4b). The 8-CDs should selectively cover the
central 29 PO units and not EO chains with more than or equal
to 5 units. BCD/EO,oP0O,9EO,q exhibit the broad primary peak at
g = 0.032 Al (corresponding to the d-spacing of 19.6 nm,
indicated as arrow in Figure 3a). Further, the fringe is observed
and well fitted by the calculated sheet form factor3® with the
thickness of 10.4 nm (Figure 3b). This indicated that a PPR
nanosheet with a thickness approximately corresponding to
that of the stretched length of PO,9 (11 nm) was formed.

The d-spacing of the lamellar structures formed in the sample
becomes longer as the EO chain length increases. As we
reported in our previous paper3°, the complex between 8-CD
and OH-EO;5P0O,4EOQ,5 (BCD/EO,5P0,9EO5) yields a lamellar
structure with a d-spacing of 40 nm. Figure 5a indicates the
plots of the d-spacing of the lamellar structures vs the twice m
values, the latter meaning the monomer units in the EO layer. A
linear relationship was observed with a vertical intercept of 10.4
nm and a slope of 0.198 nm. The vertical intercept is consistent
with the 8-CD layer thickness that equals the PO chain length,
and the slope means the increase in the EO layer thickness per
EO monomer. According to the scaling theory of the blob model
of the polymer brush, the number of chain monomers and the
chain height display a linear relationship.37:38 Since the average
distance, 1.5 nm, between B8-CDs in the PPR nanosheet is
shorter than the average size of EO chains in the dilute solution,
even for EOsPO,9EQ:5, it is reasonable to consider that the EO
chains are constrained in the virtual cylinder with the diameter
of the 8-CD and their heights can be theoretically described by
the blob theory of the polymer brush (Figure 5b). To the best of
our knowledge, this is the first study of the polymer brush to
immobilize the chain ends to the surface at the periodic
position, which corresponds to the aligned cavities of the 8-CD
columnar crystal and to have the brush density dependent only
on the 8-CD crystal structure irrespective of EO chain length.

In the case of the dried state EO on the 8-CD layer, the height
increase per EO unit was calculated to be 0.031 nm using the
weight density (1.2 g/cm3)3? and brush density of EO chains. The
ratio of the EO layer thickness per EO unit in the dried state to
that in water is 14.2%. This is the volume fraction of EO chains
in the EO layer in water, which means that 85.8% of water is
included in the EO layer. Furthermore, the linear relationship in
water in Figure 5a indicates that the swelling ratio is constant,
regardless of the EO chain length with 5 < m < 75. The driving
force to form the lamellar structure is considered to be based
on the large van der Waals force between EO layers, which is
generally observed for inorganic nanosheet particles.*®

Using the series of the EO,,PO,9EOQ,, triblock copolymer, we
revealed the effect of EO chain length on the lamellar structure

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. (a) SAXS profiles of 6CD/EO,PO,EQ, BCD/EOsPO,EQS,

BCD/EO14PO,9EO;4, and BCD/EO,PO,EO,. (b) Fitting result of nanosheet
form factor to the experimental profile of 6CD/EO,,PO,9EO,.
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Figure 4. Schematic illustrations of (a) plate structures formed in
BCD/EO,POEO, and (b) nanosheet structures formed in
BCD/EOsPOxEOs,  BCD/EO1,POEOQ1s, BCD/EO,PO»EQ,, and
BCD/EO75P0O,9EO5.
= 50
=
o 40 -
B
& 30
kS]
E » _.--:"‘
g 10 I
&
S 0
0 50 100 150 200
mx 2

Allinged anchor points

(a) (b)
Figure 5. (a) Plots of the d-spacing of the lamellar structure of the 8-
CD/EO,,POEOQ,, series. (b) Schematic illustration of the blob model that
describes the configuration of the EO chains on the 8-CD columnar crystals.

of the complex with 8-CD. The short EO chains of EO,PO,4EO,
were covered with 8-CDs to gain a large enthalpy resulting in
the formation of the plate crystal without the phase-separated
lamellar structures. On the other hand, EO,,PO,EO,, with m > 5
(EO5PO29EOs EO14PO29EO14, EO2PO29EO0, and EO55PO,9EO5s)
led to the formation of microphase separated structures with
lamellar morphology including the formation of the 8-CD
nanosheets. We recently reported that the axis polymer with

J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins




PIEaSEdo o it ikl s Smargins

ARTICLE

the end group of the low binding constant to 8-CD formed the
nanosheet structure without stacking.?® In this study, we
revealed that the longer end chains that have a low binding
constant are more favourable than the short ones for forming
the B8-CD nanosheets.

In this study, it was confirmed that the thickness of EO layers
of the lamellar structure can be precisely controlled by changing
the length of EO segments in the triblock copolymer. The height
of swollen EO brush is well described by the blob model of the
polymer brush. This is because EO chains were tethered at the
periodic positions corresponding to the aligned cavity of the 8-
CD columnar crystal. While, the 8-CD nanosheet thickness is
determine by the stretched length of the central PO chain. The
results of this study suggest that each layer thickness of this
lamellar structure can be precisely and independently tuned by
designing the axis polymer compositions.

Effect of the PO chain length of EO,,PO,EO,,

To investigate the effect of the PO chain length of the
EOPOEO triblock copolymer on the self-assembled structure,
we compared EO,;PO;4EO;; and EOsPO,EOs. The complex
between B8-CD and EO1,PO16EO11 was prepared
(BCD/EO11P0O14EOQ;;) to analyze the structure.

The formation of the conventional monoclinic crystal
structure of 8-CDs was confirmed using WAXS (Figure 6a).
However, the SAXS profile of 6CD/EO1,PO16EQ;; does not have
any peaks and form factor (Figure 6b) and the SEM image shows
plate crystals (Figure 6c). These results suggested that 8-CDs in
B6CD/EO,,P0O46EQ44 cover not only PO segments but also EO ones
similar to 8CD/EO,PO,4EQ,, although BCD/EO;;PO,EOQ;; has
longer EO chains than 6CD/EO,PO,4EQ,.

If 8-CDs selectively cover the short (16 units) PO chain of

Journal Name

log | [a.u.]
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Figure 6. (a) WAXS profile, (b) SAXS profile and (c) SEM image of
B6CD/EO4;,PO16EO; ;.

nanosheet should be quite thin (5.6 nm, Figure 7a). Such a thin
nanosheet is unstable because the sum of the enthalpy gain of
crystallization and host-guest interaction between 6-CD and PO
chain should not exceed the surface energy of the nanosheet.
Instead, the plate crystals without a microphase separation are
formed by covering EO chains with 8-CD. The plate crystals
without meso-scale phase separation can achieve both a large
enthalpy gain and surface energy reduction (Figure 7b).

EO11PO16EO;; and not EO chains, the thickness of the resulting

5

maman

(@) (b)

e

T R s A

(c) (d)

Figure 7. Schematic illustrations of the structures of 6CD/EO;;PO;6EOQ;; and BCD/EOsPO,5EOs. If 8-CD covers only the PPO segment of the
EO1;P06EO; 4, structure (a) should be formed. However, structure (b) is formed in the case of 8-CD/EO;;P0O4EO;; even though the 8-CD covers
the unfavourable EO segment. For BCD/EOsPO,EO, (c) was not formed where the 8-CD fully covers the whole axis including the PEO segment.
In the case of BCD/EOsPO,4EO, (d) is more stable where 8-CD covers only the PPO segment and the phase separated structures are formed.
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Next, the  structures of 6CD/EO;;POcEO;; and
BCD/EOsPO,9EOQs were compared. If the whole EOsPO,EOs
chain is covered with B8-CDs (Figure 7c), the structure of
EOsPO,EOs should be more stable than that of
B6CD/EO,,P0O46EQ,4, as illustrated in Figure 7b, owing to the
stronger host-guest interaction between B6-CD and PO
compared to that between 8-CD and EO. However, 8-CDs of
BCD/EOsPO,9EOQs formed the microphase separated structure
with the lamellar morphology (Figure 7d), which indicates that
B6-CDs of BCD/EOsPO,9EQs do not cover the EO segments. This
suggests that phase separation occurs when the PO length is
long enough to obtain the host-guest enthalpy through
complexation between 8-CD and PO segments in order to
overcome the surface energy. The length of the central PO also
significantly affects the resulting morphologies of the complex
of 8-CD with EO,,PO,EO,,.

Effect of the PO homopolymer chain length

To investigate the self-assembled structure consisting of
homopolymers, complexes between B8-CD and PO
homopolymers with different lengths (BCD/PO;, 8CD/POgs,
BCD/P034, and BCD/POgo, the numbers denote the number of
monomer units) were prepared to analyze their structures. The
WAXS profiles of all samples show the characteristic peaks of a
monoclinic crystal (Figure 8). Therefore, it was confirmed that
the complex between B8-CD and the PO homopolymer formed
the monoclinic crystal structure irrespective of the PO chain
length.

In the SEM images of 86CD/PO;, 6CD/P0O13;, and B8CD/PO3,,
micro-ordered sheet structures with well-defined shapes were
observed (Figure 9a-c). In contrast, when the number of
monomer units of the PO exceeds 69, SEM images show
disordered structures (Figure 9d). It is known that when the axis
polymer is hydrophobic and long, the competition between the
crystal growth of CD and the hydrophobic aggregation of the
axis polymer causes the formation of polycrystalline
structures.3! Hence, the present results indicated that a PO
homopolymer shorter than 34 units is necessary to form a well-
defined micro-ordered structure. However, the SAXS profiles of
all samples showed no peaks and fringes (Figure 10). This
indicates the absence of microphase-separated structures and
inconsistent plate thicknesses. To form a nanosheet structure
with uniform thickness, EO segments must be attached to the
PO polymer.

Conclusions

We investigated the effect of EO and PO chain length of
EO,,PO,EOQ,, triblock copolymers on the higher order structure
formed by the complexation with 8-CD. To form lamellar
structures, the EO chains of EO,,PO,4EQ,, should exceed a
certain length. When m > 5, lamellar structures consisting of
crystalline 6-CD pseudo-polyrotaxane nanosheets and
amorphous EO layers were formed. The thickness of the EO
layer linearly increased with the increase in EO chain unit
number. This was due to the fact that the EO chains were
constrained in the virtual cylinder with the diameter of the 8-

This journal is © The Royal Society of Chemistry 20xx

ARTICLE

~ BCD/POg,
~ BCD/PO,,
~{l= BcD/PO,,

S e

log | [a.u]

4 8 8 10 12 14 18
26 [7]

Figure 8. WAXS profiles of 6CD/PO;, 6CD/PO,3, BCD/P03,4, and
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Figure 9.  SEM images of 6CD/PO,, BCD/P0O,3;, BCD/P0Os,, and
B8CD/POgo.
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Figure 10. SAXS profiles of 6CD/PO,, 8CD/PO,;, 8CD/POs, and
B8CD/POgy.

CD. The linear relationship between the thickness and the
number of chain units followed the blob model of the polymer
brush. Meanwhile, the B6-CD nanosheet thickness was
determined by the extended length of the central PO chain.
These facts indicated that the thicknesses of each layer could be
precisely and independently controlled. This was achieved due
to the selective inclusion of 8-CD to the PO segment and the
periodically anchored polymer brush templated by the 8-CD
columnar crystal. Using the PO homopolymer, it was confirmed
that homopolymers do not show microphase separation and

J. Name., 2013, 00, 1-3 | 5
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formation of nanosheets. These findings will aid the applied
research on CD-based self-assembled materials and devices
such as polymer composites, chemical sensors, drug delivery
systems, and biomaterials.

MATERIALS AND METHODS

Materials

B6-CD was purchased from Fujifilm Wako Pure Chemical
Corporation. EO,PO,4EOQ,, EOsPO,EQS, EOQ14P0O,9EQ 14,
EO,0P0»9EQ,q, PO, PO;3, PO34, and POgy were purchased from
Sigma-Aldrich. The polydispersity indices of POz, and POgg were
1.1 and 1.2, respectively. All reagents were used as received.

Preparation of PPR

B6CD/EO,P0,4EO,, BCD/EOsP0O,4EOQs, BCD/EOQ14P0O,9EOQ14, and
BCD/EO,oP0,9EO,o were prepared by the following procedure:
BCD was dissolved in deionized water (pH was approximately 7)
at 23%#1 °C. The B8-CD concentration was 8.8 mg mL™L. An
amount of 1 mg of EO,PO,9EQ,, EOsPO,9EOs, EQ14PO,9EOQ4, and
EO,oP0,9EO,; was added to 1 mL of aqueous 8-CD, respectively.
The mixed solutions were vigorously shaken by a vortex for 1
min. Further, the solutions were placed on a shaker and aged
for 1 month. 6CD/PO;, BCD/P0O;3, BCD/P0O34, and BCD/POgq
were prepared by the following procedure: 8CD was dissolved
in deionized water (pH was approximately 7) at 231 °C. The 8-
CD concentration was 18 mg mL™.. An amount of 1 mg of
EO1,PO15EO4;, POy, PO43, PO3,4, and POgy was added to 1 mL of
aqueous B-CD, solutions were
vigorously shaken by a vortex for 1 min. Then, the solutions

respectively. The mixed

were deposited on a shaker and aged for 1 month. In all cases
the solution became turbid after aging.

Sample preparation for structural analysis

The samples for the SEM experiments were prepared by
dipping a silicone oxide substrate into an aqueous PPR
dispersion. X-ray experiments, the samples were
concentrated by centrifuge to achieve enough intensity for

For

analysis. The sample concentrations after centrifugation were
obtained measuring the weight of the sample dried from 200 pL
of an aqueous dispersion of PPRs. Then, the sample
concentrations were adjusted to 10 wt% by adding deionized
water. The 10 wt% aqueous PPR dispersions were transferred
into a glass capillary for X-ray measurements (WJM-Glass Miiller
GmbH borosilicate capillary: ¢ = 2.0 x length = 80 mm) and used
for SAXS and WAXS analysis.

Measurement

WANXS and SAXS experiments were carried out using a Rigaku
NANOPIX instrument with a Hypix-3000 detector. The sample-
to-detector distance was calibrated relative to the silver
behenate peak. SEM observation was conducted with a JEOL
JSM-7800F instrument.
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