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Pillar[5]arene–neutral guest recognition based
supramolecular alternating copolymer containing [c2]
daisy chain and bis-pillar[5]arene units†

Xiaoyang Wang,a Kang Han,a Jian Li,a Xueshun Jia*a and Chunju Li*ab

A novel supramolecular alternating copolymer with [c2]daisy-chain dimer and macrocycle host dimer as

repeating units has been fabricated. A key factor for this new assembly strategy is based on a [c2]daisy-

chain pseudorotaxane bearing additional unbound recognition sites at both ends, which was

successfully achieved from a careful designed heterotritopic (AB2-type) copillar[5]arene. By utilizing the

intermolecular host–guest interactions between the double-threaded dimer and a pillar[5]arene dimer,

a linear supramolecular polymer was prepared. These results provided not only a convenient approach

for the construction of [c2]daisy chain based supramolecular polymers, but also a novel method for

building supramolecular alternating copolymers.
Introduction

Supramolecular polymers, fabricated by connecting repeating
units into a polymeric architecture via noncovalent interac-
tions, have attracted extensive interest because of their novel
properties such as self-healing, recycling, and degradability
owing to the reversible and tunable nature of noncovalent
interactions.1 Additionally, such approaches based on molec-
ular recognition can provide a facile way to achieve large-scale
structures. The development of new assembly strategies/meth-
odologies and the production of novel building blocks are
always the hot and important topics in the area. As shown in
Scheme 1, one of the most efficient assembly strategies relies on
the supramolecular polymerization of self-complementary
AB-type heteroditopic monomers via iterative intermolecular
inclusion complexation.2,3 Nevertheless, self-assembly to linear
supramolecular polymers have to compete with the formation
of cyclic analogues, especially for dimeric [c2]daisy chains
(Scheme 1). In fact, the formation of such cyclic interwoven
dimers is thermodynamically favored, thus suppressing the
assembly to polymeric species in many cases.4,5 Although [c2]
daisy chains are an important kind of topological motifs in
supramolecular chemistry, supramolecular polymers based on
them are less explored. Polymerization of [c2]daisy-chain
rotaxanes, which are functionalized with various different end
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groups, using traditional covalent coupling or metal coordina-
tion has been previously demonstrated,6 carving out a prom-
ising route towards functional polymeric materials. However,
the synthesis of mechanically interlocked [c2]daisy-chain
rotaxanes with functionalized groups does not always give high
yields due to the accompanying formation of unwanted
byproducts and sometimes requires multiple-step reactions. On
the other hand, the covalent coupling approaches involve irre-
versible, conventional, covalent linkages between rotaxane
monomers, making such materials hardly degradable, just like
traditional polymers.

Herein, we describe the formation of a novel supramolecular
alternating copolymer based on the host–guest complexation
between a [c2]daisy-chain pseudorotaxane (1$1) bearing addi-
tional unbound recognition sites at its ends, and a pillar[5]
arene7–10 dimer (2), as shown in Scheme 2. Generally, highly
regular alternating copolymers possess unique properties
Scheme 1 Schematic depiction of [c2]daisy chain and supramolecular polymer
formed by AB-type heteroditopic monomer.

This journal is ª The Royal Society of Chemistry 2013
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Scheme 2 Synthesis of copillar[5]arene 1, structure and proton designations of 1 and 2, and schematic illustration of the supramolecular polymerization.

Fig. 1 Specific viscosity of chloroform solutions of 1 alone (blue) and 2 : 1 molar
ratio of 1 and 2 (magenta) versus the concentration of 1 (298 K).

Paper Polymer Chemistry

Pu
bl

is
he

d 
on

 0
1 

 2
01

3.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 2
02

5/
7/

23
  0

9:
05

:1
4.

 
View Article Online
different from those of random copolymers and polymers with
uniform backbones.11 Therefore, supramolecular alternating
copolymers have gained considerable attention recently.12 The
present new methodology, which is to utilize readily available
[c2]daisy-chain pseudorotaxanes as the monomers and exploit
non-covalent host–guest interactions as the linkages, can be
employed to achieve facile fabrication of a previously undocu-
mented kind of supramolecular alternating copolymers with
This journal is ª The Royal Society of Chemistry 2013
two dimers, i.e., [c2]daisy-chain dimer and macrocycle host
dimer, as repeating units.
Results and discussion

Very different to the general supramolecular polymerization of
AB-type monomers, the formation of double-threaded dimers in
this strategy is not an unfavourable factor, but a necessary
precondition. To obtain a [c2]daisy-chain pseudorotaxane con-
taining additional free guest moieties at both ends, we designed
and synthesized a dimeric self-complex precursor 1, an AB2-type
heterotritopic copillar[5]arene, which contains complementary
recognition sites, a pillar[5]arene, and two 4-bromobutyl
[Br(CH2)4–] moieties. Several important considerations were
taken into account in designing 1, including: (a) this copillar[5]
arene can be easily prepared by one-step co-oligomerization
reaction using commercial or readily available reagents;
(Scheme 2) (b) by taking advantage of the efficient binding
between peralkylated pillar[5]arenes and halogenated alka-
nes,10c which is mainly on account of the multiple hydrogen
bonds, C–H/p, and van der Waals interactions, Br(CH2)4–
group is employed as a guest moiety; (c) other substituents on
the copillar[5]arene portals are methyls, hence, weak steric
hindrance will occur in the [c2]daisy-chain motif and there may
exist host–host C–H/O hydrogen bonding, which can favor the
ability to form [c2]daisy chain;4a,b and (d) the length of the
binding site is appropriate (four methylenes), ensuring that self-
complexation is unfavorable.
Polym. Chem., 2013, 4, 3998–4003 | 3999
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Fig. 2 Side and top views of the crystal structure of 1$1 dimer.

Fig. 3 Partial 1H NMR spectra (500 MHz, CDCl3, 298 K) of 2 : 1 molar ratio of 1
and 2 at different concentrations of 1: (a) 200, (b) 150, (c) 100, (d) 60, (e) 40, (f)
20, (g) 10, (h) 5.0, (i) 3.0, and (j) 1.0 mM.
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The self-assembly behavior of the [c2]daisy chain-forming
compound 1 was rstly examined. Theoretically, except for the
dimeric geometry, there are another two kinds of molecular
topologies: self-inclusion complex caused by intramolecular
complexation and hyperbranched supramolecular polymer
caused by irregular intermolecular complexation. Previously, we
4000 | Polym. Chem., 2013, 4, 3998–4003
have systematically investigated the considerable guest's length
effect upon complexation with pillar[5]arenes,9c,10a–c showing
that a four-methylene (butylidene) axle is the most suitable
length for an pillar[5]arene wheel in most cases and the
decrease of axle length will lead to a dramatically unfavorable
effect on the complex stability.13 Since the recognition site in 1
is Br(CH2)4– group, maybe only two (or at most three) methy-
lenes could locate inside the copillar[5]arene cavity for the
intramolecular self-inclusion mode. Thus, self-complexation is
theoretically inhibited because the formation of such a complex
is thermodynamically unfavorable. The assembly to cyclic
interwoven dimer was rst investigated by viscosity measure-
ments. A double-logarithmic plot of specic viscosity versus the
initial concentrations of copillar[5]arene 1 is shown in Fig. 1.
The slope of 1 in the whole range of concentration closes to one,
which is characteristic for cyclic oligomers with constant size,
implying that no hyperbranched supramolecular polymers are
formed and [c2]daisy chains predominate in solution. Mean-
while, there is a possibility for the formation of trimers, tetra-
mers and other small cyclic oligomers, but they are not
predominant.14

From variable-concentration 1H NMR spectra of 1, (Fig. S7†)
it could be found that the complexation-induced upeld shis
and broadening effects for the butylidene signals (Ha–d) were
concentration-dependent, reecting the involvement of fast-
exchanging noncovalent interactions in solution. At 1.0 mM
and 0.50 mM, no obvious signal broadening was observed,
indicating that free 1 predominated in solution at very low
concentration. As the concentration increased, the 1H NMR
spectra revealed upeld shis for butylidene Ha–d. These results
suggested that the aggregates of co-pillarene 1 changed from
self-encapsulation monomers into [c2]daisy chain dimers as
the concentration increased. From variable-temperature (VT) 1H
NMR spectra of 1 (Fig. S11†), the complexation induced
broadening effects of butylidene signals in higher temperatures
were less remarkable than those at lower temperatures.
This implies that the complexation events are enthalpy-
driven processes, which are similar to those observed in the 1,4-
bis(imidazol-1-yl)butane3 pillararene complexes, as previously
reported by us.10a

The double-threaded topological structure was then unam-
biguously conrmed by X-ray crystallographic analysis (Fig. 2
and S14†) of a colorless single-crystal obtained by slow evapo-
ration of its solution in a chloroform–ethyl acetate mixture. The
crystal structure of 1 showed a [c2]daisy-chain pseudorotaxane
geometry, which is consistent with the result in solution. And as
expected, the dimer 1$1 possesses two additional free recogni-
tion sites at both ends. There are octuple C–H/p interactions
with the distances of 2.55–3.07 Å (Fig. S14a, C–F†), quadruple
C–H/Br hydrogen bonding interactions with the distances of
2.97–3.23 Å (Fig. S14a, A–B†), as well as sextuple C–H/O
hydrogen bonds with the distances of 2.76–2.93 Å (Fig. S14b,
a–c†) between the host moieties and the guest moieties, indi-
cating the good size t between them. These multiple non-
covalent interactions certainly play an important role in the
formation of the double-interpenetrated geometry and its
strong stability. More interestingly, it is also found that there
This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 (A) Concentration dependence of weight average diffusion coefficient D
(from 1H NMR spectroscopy; 500 MHz, CDCl3, 298 K) of 2 : 1 molar ratio of 1 and
2 at multiple 1 concentrations. (B) Hydrodynamic diameter distribution of chlo-
roform solution of 2 : 1 molar ratio of 1 and 2; [1] ¼ 150 mM.
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exists double C–H/O hydrogen bonding interactions between
the two host moieties with a distance of 2.71 Å (Fig. S14b, d†).
The host–host hydrogen bonds further improve the ability to
produce cyclic dimers. To our knowledge, this is the rst [c2]
daisy chain formed by a AB2-type heterotritopic monomer,
although AB-type heteroditopic monomer based cyclic dimers
are much documented.

Since [c2]daisy chain 1$1 has two unbound sites, this dimer
can be regard as a nontypical homoditopic BB-type monomer. It
is anticipated that the combination of 1$1 and a homoditopic
AA-type monomer, i.e., pillar[5]arene dimer 2, will provide a new
assembly strategy for supramolecular polymerization and
produce a supramolecular alternating copolymer 1$1 3 2 with
two types of dimer blocks: [c2]daisy-chain dimer and pillar[5]
arene dimer. From 1H NMR measurements, the addition of 0.5
equiv. amount of 2, to a CDCl3 solution of 1 lead to clear
broadening and upeld shis for the butylidene signals Ha–d,
(Fig. S9, S11e and S12e†) suggesting the intermolecular
complexation between 1 and 2. The concentration-dependent
1H NMR spectra of 2 : 1 molar ratio of 1 and 2 provided
signicant insights into the assembly behavior. As shown in
Fig. 3, the complexation is a fast-exchanging system on the
proton NMR time scale. As the concentration increased, the
proton signals of H3,4 on 2 and Hf on 1 moved downeld
progressively, while those for He on the 1,4-bis(4-bromobutoxy)
This journal is ª The Royal Society of Chemistry 2013
benzene unit of co-pillararene 1 shied upeld. At high
concentrations, all of the proton signals became broad, sug-
gesting the formation of high-molecular-weight assemblies.

Viscosity is a convenient method to test the supramolecular
polymerization. As mentioned above, the double-logarithmic
curve slope of 1 in the whole concentration region was close to
one, while for 1$1 3 2, when the concentrations of 1 increased
above the critical polymerization concentration (CPC, about
95 mM), the curve had a slope value of 1.77 (Fig. 1). This
revealed the formation of supramolecular polymers of
increasing sizes.15 Diffusion-ordered NMR spectroscopy (DOSY)
provides reliable information about the dimensions of the
polydisperse supramolecular aggregate systems. From Fig. 4A,
the measured weight average diffusion coefficient (D) of 2 : 1
molar ratio of 1 and 2 in CDCl3 solution decreased remarkably
from 5.22 � 10�10 to 1.53 � 10�10 m2 s�1, as the monomer
concentration increased from 1.0 mM to 200 mM, further
suggesting that the formation of high-molecular-weight poly-
meric species was intrinsically concentration-dependent. The
maximum possible polymerization degree nmax of supramolec-
ular alternating copolymer 1$1 3 2 with 1 concentration of
200 mM was calculated to be 15.4 (p ¼ 93.5%). That is to say,
there are 61.6 (15.4 � 4) pillararene units in the copolymer and
the molar mass is 54.7 kDa. Dynamic light scattering (DLS)
experiments were also conducted to support the theory of
supramolecular polymer formation and estimate the size of the
assembly in solution. As shown in Fig. 4B, a chloroform solu-
tion of 1$1 3 2 with 1 concentration of 150 mM has a hydro-
dynamic radius of 198 nm, manifesting the formation of large
sized aggregates.

In addition, although no bers can be drawn from the
individual high concentration solutions of 1 and 2, long and
thin bers with a regular diameter of approximately 7 mm could
easily be drawn from a highly concentrated solution of 1 and 2
(2 : 1 molar ratio) and observed by scanning electron micros-
copy (SEM) (Fig. 5), providing further direct evidence for the
formation of supramolecular polymer with high molecular
weight.
Conclusions

In summary, a heterotritopic copillar[5]arene 1 containing
complementary recognition sites, a pillar[5]arene, and two 4-
bromobutyl [Br(CH2)4–] moieties, was found to preferentially
assemble to [c2]daisy-chain geometry as a consequence of the
specially designed recognition site and the host–host interac-
tions, ruling out both intramolecular interactions leading to
self-encapsulation and irregular intermolecular interactions
leading to the formation of hyperbranched supramolecular
polymer. Very different with traditional [c2]daisy chains, 1$1
contains additional free guest moieties at both ends. By
utilizing the intermolecular host–guest interactions between
1$1 and a pillar[5]arene dimer 2, a rst example of a supra-
molecular polymer with [c2]daisy-chain pseudorotaxane as
monomer was fabricated.

The new strategy provides not only a convenient approach
for the construction of [c2]daisy chain-based supramolecular
Polym. Chem., 2013, 4, 3998–4003 | 4001
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Fig. 5 Scanning electron micrograph of a gold-coated fiber drawn from a high-
concentration solution of 2 : 1 molar ratio of 1 and 2 in chloroform. Scale bar: 200
mm (A), 20 mm (B).
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polymers, but also a method for building novel supramolecular
alternating copolymers with two dimers, [c2]daisy-chain dimer
and macrocycle host dimer, as repeating units. The next chal-
lenge is to design and produce stimuli-responsive supramo-
lecular copolymers based on [c2]daisy-chain pseudorotaxanes
with bistability.
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