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Abstract: By making use of the host–guest interactions
between the host molecule tris-o-phenylenedioxycyclotriphos-
phazene (TPP) and the rod–coil block copolymer (BCP)
poly(ethylene oxide)-block-poly(octyl 4’-octyloxy-2-vinylbi-
phenyl-4-carboxylate) (PEO-b-PVBP), the supramolecular
rod–rod block copolymer P(EO@TPP)-b-PVBP was con-
structed. It consists of a crystalline segment P(EO@TPP) with
a hexagonal crystalline structure and a columnar nematic
liquid-crystalline segment (PVBP). As the PVBP segments
arrange themselves as columnar nematic phases, the crystalline
structure of the inclusion complex P(EO@TPP), which has
a smaller diameter, is destroyed. The self-assembled nano-
structure is thus clearly affected by the interplay between the
two blocks. On the basis of wide- and small-angle X-ray
scattering analysis, we conclude that the supramolecular rod–
rod BCP can self-assemble into a cylinder-in-cylinder double
hexagonal structure.

Block copolymers (BCPs) can be divided into coil–coil, rod–
coil, and rod–rod BCPs according to the flexibilities of the
two blocks. Rod–rod BCPs, where both blocks are rigid or
semi-rigid, have been widely used in electro-optic materials[1]

and drug delivery systems,[2] for example. However, compared
with coil–coil[3] and rod–coil[4] BCPs, the synthesis of rod–rod
BCPs is usually rather complex because the molecular
structures of rod blocks are usually more complicated than
those of coil ones, which restricts the study and application of
rod–rod BCPs. The introduction of supramolecular interac-
tions can solve this problem to some degree, that is, by using
supramolecular interactions between small molecules and
rod–coil BCPs that can be easily synthesized, we can construct
supramolecular rod–rod BCPs. For example, Lee et al.
prepared polypseudorotaxane-block-poly(g-benzyl-l-gluta-
mate) supramolecular BCPs by making use of the host–
guest interactions between a-cyclodextrins and poly[(ethy-
lene oxide)-ran-(propylene oxide)] (P(EO-r-PO)) segments
in P(EO-r-PO)-block-poly(g-benzyl-l-glutamate).[5] Aside
from host–guest interactions, other supramolecular interac-
tions, such as electrostatic interactions[6] and hydrogen bond-

ing,[7] have also been introduced to obtain supramolecular
BCPs.

Herein, we prepared a supramolecular rod–rod BCP by
making use of the the host–guest interactions between tris-o-
phenylenedioxycyclotriphosphazene (TPP) and the PEO
block in the rod–coil BCP PEO-block-poly(octyl 4’-octy-
loxy-2-vinylbiphenyl-4-carboxylate) (PEO-b-PVBP). The
preparation of the supramolecular BCP P(EO@TPP)-b-
PVBP is illustrated in Scheme 1. The host molecule TPP,

first reported by Allcock and co-workers,[8] can form a chan-
nel-type hexagonal crystalline structure, which can trap
polymers.[9] TPP molecules are able to recognize and selec-
tively entrap ethylene oxide (EO) sequences in PEO-b-PPO-
b-PEO.[10] Compared to other hosts, the hexagonal crystalline
structure of TPP maintains the inclusion crystalline block in
good order, which is helpful for building highly organized
superstructures. The other rod block PVBP is a mesogen-
jacketed liquid-crystalline polymer (MJLCP), which has been
shown to be a good candidate for rod blocks.[11] As proposed
by Zhou et al. , bulky pendants in MJLCPs are considered to
be densely packed around the backbone and force it to adopt
a rigid or semi-rigid conformation.[12] MJLCPs have been
widely used as controllable rod blocks in synthesizing well-
defined rod–coil diblock[13] or triblock[14] copolymers and rod–
rod BCPs.[15] PVBP can form a columnar nematic (Coln)
liquid-crystalline (LC) phase[16] and has been utilized in our
previous study of a covalent rod–rod BCP.[15b] According to
our molecular design, the P(EO@TPP)-b-PVBP supramolec-
ular rod–rod BCP contains a crystalline segment P(EO@TPP)
with a hexagonal crystalline structure and a PVBP-based LC
segment with a Coln phase. Therefore, we can study the
interplay between the properties of the LC and crystalline
phases along with the effect of such interactions on the self-
assembled structure of the supramolecular rod–rod BCP.

The preparation of the P(EO@TPP)-b-PVBP supra-
molecular rod–rod BCP is illustrated in Scheme 2. Gel
permeation chromatography (GPC; see the Supporting
Information, Figure S1) and 1H NMR spectroscopy (Fig-
ure S2) were applied to determine the molecular weights

Scheme 1. Schematic representation of the preparation of P-
(EO@TPP)-b-PVBP.
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and confirm the chemical structures of the PEO-b-PVBP
BCPs (see Table S1). The host molecule TPP was synthesized
according to reported methods[8, 10] and characterized by mass
spectrometry and elemental analysis (EA; for details see the
Experimental Section in the Supporting Information).

Before the preparation of the supramolecular rod–rod
BCPs, we first determined a suitable EP/TPP molar ratio for
the formation of the inclusion complex (IC) by using TPP and
the PEO homopolymer (see the Supporting Information for
details). According to these studies, EO and TPP should be
employed in a molar ratio of about 1.3:1. P(EO@TPP)-b-
PVBP was then prepared from a toluene solution of PEO-b-
PVBP and TPP at a EO/TPP ratio of 1.3:1. 13C solid-state
NMR spectroscopy (Figure 1) was used to confirm the
chemical structure of the supramolecular rod–rod BCP. For
the TPP crystal, there are three main peaks at 145, 125, and
113 ppm, which indicates that TPP has a hexagonal crystalline
structure instead of a monoclinic crystalline phase, which
would give rise to more complicated resonances in the NMR
spectrum.[17] In the spectrum of P(EO@TPP)46-b-PVBP86,

there are three resonances at the corresponding positions,
indicating that the P(EO@TPP) segment in the supramolec-
ular BCP also exhibits the hexagonal crystalline structure.

In P(EO@TPP)-b-PVBP, the crystalline block exhibits
a hexagonal crystalline structure with a unit cell parameter
a = 1.14 nm whereas the PVBP block can form a Coln LC
phase with a rod diameter of 1.87 nm at high tempera-
tures.[9b, 16] We first examined the interplay between the
arrangements of the two blocks. Figure 2a shows wide-angle
X-ray scattering (WAXS) profiles of P(EO@TPP)46-b-
PVBP86 at different temperatures. The scattering halo with
q = 3.20 nm@1 can be attributed to the packing of the PVBP
rod-like chains, and the diffraction peaks with q values of 6.15,
8.70, 12.30, and 13.73 nm@1 correspond to the (100), (101),
(200), and (201) diffractions of the hexagonal crystal of
P(EO@TPP)46. Upon heating, the scattering halo of PVBP
does not change much, which indicates that the PVBP86 block
does not form an LC phase even at 200 88C. At the same time,
the intensities of the diffraction peaks of P(EO@TPP)46

decrease, indicating that the hexagonal crystal is partially
destroyed during the heating process. To confirm the above
conjecture, we isothermally treated the sample at 200 88C
for 8 h. As shown in Figure S5, the scattering halo of PVBP
does not change while the characteristic diffractions of
P(EO@TPP) almost disappear. These results demonstrate
that the P(EO@TPP) crystal is destroyed at temperatures
much lower than its Tm even though the PVBP segment does
not form an LC phase. As PVBP has a larger rod diameter
(1.87 nm), the trend for the PVBP macromolecular chains to
be packed together during the heating process affects the
crystalline packing of P(EO@TPP) with a smaller size
(1.14 nm). A similar phenomenon was observed in our
previous studies on rod–rod BCPs with different rod diam-
eters, where there was an imbalance between the interfacial
areas of the two rods.[15b]

The WAXS profiles of P(EO@TPP)46-b-PVBP121 during
heating are shown in Figure 2b. The scattering halo of PVBP
at q = 3.20 nm@1 turns into a sharp diffraction peak when the
sample is heated to 160 88C; at this temperature, the diffraction
peak with q = 3.35 nm@1 (corresponding to a d-spacing of

Scheme 2. Synthesis of the P(EO@TPP)-b-PVBP supramolecular rod–
rod BCP.

Figure 1. 13C solid-state NMR spectra of PEO, PVBP, TPP, and P-
(EO@TPP)46-b-PVBP86.
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1.87 nm) can be attributed to the Coln phase of PVBP. On the
other hand, several new peaks at q = 3.94, 7.88, 9.30, and
13.14 nm@1 (originating from the monoclinic structure of
TPP)[10] appeared at 160 88C, indicating that the hexagonal
crystalline structure is partially destroyed and transformed
into a monoclinic phase. The above results demonstrate that
the formation of the Coln phase of PVBP121 causes more
disturbances to the hexagonal crystalline structure of P-
(EO@TPP)46 compared with the influence of amorphous
PVBP. The results in Figure 2 confirm that there is competi-
tion between the arrangements of the two rods and that the
packing of the PVBP rods with a larger diameter destroys the
hexagonal structure of the P(EO@TPP) rods.

The interplay between the two rod blocks is expected to
affect the microphase-separated nanostructure of the BCP.
The nanostructures were determined by small-angle X-ray
scattering (SAXS) experiments (Figure 3). For P-
(EO@TPP)46-b-PVBP86 (Figure 3a), there is no diffraction
peak at ambient temperature. After the sample had been
heated to 80 88C, there were two diffraction peaks with
a scattering vector ratio of 1/31/2, characteristic of a hexago-
nally packed cylindrical (HEX) structure. However, once the
temperature was increased to 160 88C, the two diffraction
peaks disappeared, suggesting that the BCP becomes disor-
dered. For P(EO@TPP)46-b-PVBP121 (Figure 3b), there are
four diffraction peaks with a scattering vector ratio of 1/31/2/2/

71/2 at 80 88C, also indicating a HEX structure. Similar to
P(EO@TPP)46-b-PVBP86, it was difficult to recognize the
diffractions corresponding to the HEX nanostructure when
the temperature reached 160 88C, implying that the ordered
structure had been destroyed. In combination with the WAXS
results (Figure 2), which showed that the hexagonal packing
of P(EO@TPP) is destroyed at 160 88C, we conclude that the
ordered microphase-separated structure becomes disordered
following the disappearance of the hexagonal crystalline
structure of P(EO@TPP) owing to the competition between
the different arrangements of the two rods. The weight
fractions of PVBP (wPVBP) are about 69% and 75% for
P(EO@TPP)46-b-PVBP86 and P(EO@TPP)46-b-PVBP121,
respectively, on the basis of the molecular weights of the

Figure 2. WAXS profiles of a) P(EO@TPP)46-b-PVBP86 and b) P-
(EO@TPP)46-b-PVBP121 during heating.

Figure 3. SAXS profiles of a) P(EO@TPP)46-b-PVBP86 and b) P-
(EO@TPP)46-b-PVBP121 during heating.
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two components in the rod–rod BCPs. Therefore, it is
reasonable to assume that the supramolecular rod–rod
BCPs form HEX nanostructures with PVBP as the continu-
ous phase. The microphase-separated nanostructures of the
supramolecular rod–rod BCP at different temperatures are
illustrated in Figure 4. The proposed structure is similar to the
cylinder-in-cylinder morphologies reported for some rod–
coil[18] and rod–rod[15a] BCPs, with the difference being that
the P(EO@TPP) segment possesses a crystalline structure in
the supramolecular rod–rod BCP.

As indicated by the results in Figures 2 and 3, the
hexagonal crystalline structure of P(EO@TPP) is formed at
ambient temperature and remains unchanged when the
temperature is lower than 160 88C. Meanwhile, the PVBP
block does not form an LC phase below 160 88C and can be
considered to have some flexibility at temperatures above its
glass transition temperature (Tg) of 45 88C.[16] Therefore, the
higher degree of molecular motion of the PVBP chains leads
to the formation of the ordered BCP HEX nanostructure.
When the temperature reaches the LC formation temper-
ature (TLC& 160 88C as indicated in Figure 2 b) of PVBP, the
PVBP block forms a Coln LC phase with a rod diameter of
1.87 nm, which is significantly larger than the diameter
(1.14 nm, which is also the unit cell parameter of the
hexagonal crystalline structure) of P(EO@TPP). Moreover,
the packings of these two blocks are also different. Thus the
crystal packing of P(EO@TPP) is destroyed owing to the
competition between the different arrangements of these two
rods, resulting in the destruction of the self-assembled
structure of the supramolecular rod–rod BCP. For the self-
assembly of BCPs, the areas of the interfaces between the two
segments greatly influence the packing of the blocks and the

resultant phase diagrams.[13c,15b] Evidently, there is an imbal-
ance between the interfacial areas of PVBP and P(EO@TPP),
resulting in the disruption of the self-assembled ordered
structures. As a result, we propose that when a crystalline rod
and an LC rod are combined in one BCP, the interplay
between them determines the self-assembled structure of the
supramolecular rod–rod BCP.

In conclusion, we have constructed a supramolecular rod–
rod block copolymer, P(EO@TPP)-b-PVBP, by making use of
the host–guest interactions between the host molecule TPP
and the rod–coil BCP PEO-b-PVBP. In P(EO@TPP)-b-
PVBP, the P(EO@TPP) block has a hexagonal crystalline
structure whereas the PVBP block can form a Coln LC phase
at high temperatures. The differences in the arrangements
and the diameters of the two rod-like segments lead to
competition between the packings of the two rods. The
formation of the Coln phase of PVBP destroys the hexagonal
crystalline structure of P(EO@TPP), and the self-assembled
nanostructure is also destroyed at the same time. According
to our WAXS and SAXS results, the supramolecular rod–rod
BCP can self-assemble into a cylinder-in-cylinder double
hexagonal structure. As crystals are more convenient starting
materials to construct three-dimensionally ordered structures,
the supramolecular rod–rod BCP in this work is of potential
use in the preparation of two- and three-dimensionally
ordered nanomaterials with hierarchical structures.
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