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C—H-m interactions are the weakest hydrogen bonds (1.5
2.5 kcalmol ™), and they occur between soft acids and soft
bases.!"! They are weaker than the classical hydrogen bonds
between NH/O, NH/N, O/OH, and N/OH groups (3-7 kcal
mol ).l However, they have played significant roles in
various fields of chemistry and biological systems, for
example in determining the conformations of molecules,?
crystal packing,®! host-guest chemistry,*! reaction selectiv-
ity and the self-assembly of molecules into organized
supramolecular structures.’l Their importance in the stabili-
zation of conformations and structures of proteins and DNA
has also been suggested in recent years.”” On the other hand,
supramolecular polymers, assembled from low molecular
weight monomeric units by specific directional secondary
interactions, such as hydrogen bonds, m—m interactions,
hydrophobic interactions, and metal-ligand bonds, have
demonstrated traditional polymeric properties and become
an important part of stimuli-responsive dynamic materials.”!
Although C—H-m interactions have been used in construc-
tion of discrete supramolecular architectures,” supramolec-
ular polymers driven by the C—H--m interactions have not
been reported to date. Up to now, many small molecules have
been used to prepare supramolecular polymers, but their
preparation usually requires multiple steps and is time-
consuming.”®! To find a simple way to make monomers for
the preparation of supramolecular polymers is very important
for future applications of supramolecular polymers. However,
this still is a challenging mission for chemists.

Pillararenes are new calixarene analogues. They have
shown interesting properties in host-guest chemistry.'"
Compared with traditional hosts, they have some advantages.
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First, they are highly symmetrical and rigid compared to
crown ethers, calixarenes, and cyclodextrins, and this affords
their selective binding to specially designed guests. Second,
they are easier to functionalize by different substituents on
the benzene rings than cucurbiturils; this enables tuning of
their host-guest binding properties easily. Therefore, pillar-
arenes are good and necessary supplements to these tradi-
tional hosts. Recently, we prepared the first copillararenes,
which contain different repeating units, and found that there
are four C—H:--m interactions between a copillararene mol-
ecule and an included hexane molecule according to the
crystal structure of their complex.['™! Thus, we thought that if
we incorporate long alkyl groups as the guest parts onto
pillar[5]arenes to get A-B type monomers, we should obtain
linear supramolecular polymers from self-organization in
solution (Supporting Information, Scheme S1). For these
supramolecular polymers, the repeating unit is a pseudor-
otaxane.

Using a method reported previously,'”! a mixture of
4 equivalents of commercially available 1,4-dimethoxyben-
zene, 1 equivalents of 1-methoxy-4-(octyloxy)benzene, which
was prepared from commercially available compounds by
only one step, 5equivalents of paraformaldehyde, and
5 equivalents of [BF;-O(C,Hs),] was stirred in 1,2-dichloro-
ethane under nitrogen atmosphere at room temperature for
8 h. After purification by column chromatography, copil-
lar[5]arene 1 was isolated in 9% yield (Scheme 1). The
incorporation of the octyl group increased the solubility of 1
in most organic solvents significantly, which also increased the
possibility of using it as a repeating unit for the fabrication of
supramolecular polymers.

By comparison of '"H NMR spectra of 1 and 1-methoxy-4-
(octyloxy)benzene at 1 mm (Supporting Information, Fig-
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Scheme 1. Synthesis and representation of the copillararene 1.
DCE =1,2-dichloroethane.
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ure S4), we found that the octyl protons (especially H'')
revealed significant upfield shifts. This phenomenon clearly
indicates that the flexible octyl groups tend to form intra-
molecular cyclic species at low concentrations. 'H NMR
spectra of 1 (CDCl;, 400 MHz, 293 K) at concentrations in
the range of 1-768 mm were monitored. As expected, the
proton NMR spectra of 1 (Figure 1) are concentration-
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Figure 1. Partial '"H NMR spectra (400 MHz, CDCl;, 293 K) of 1 at
different monomer concentrations: a) 1.00, b) 4.00, c) 16.0, d) 64.0,
e) 128, f) 256, g) 384, h) 512, and i) 768 mm.

dependent, which reflects the involvement of fast-exchanging
noncovalent interactions in solution. They revealed upfield
shifts for H*!! and downfield shifts for H'>. The protons H*"
in particular showed relatively bigger upfield shifts. This
effect is in agreement with the supramolecular polymer
crystal structure (see below), which showed that protons H*'
are located in the electron-rich cavity of 1. When the
concentration of 1 increased, the signals of H*!' moved
upfield very sharply at first (spectra a—f of Figure 1) and then
slowly (spectra g-i of Figure 1), in agreement with the
viscosity measurements discussed below. This result demon-
strated that the percentage of complexed octyl groups
increased when the concentration of 1 increased. The assign-
ment and correlation of the protons were further validated by
a NOESY NMR spectrum of 1 (Figure 2): Strong correlations
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Figure 2. Partial NOESY NMR spectrum (400 MHz, CDCl;, 293 K) of 1
at a concentration of 384 mm.
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were observed between the octyl protons H™™"' and the
aromatic protons H' as well as the bridging methylene
protons H? of the pillar[5]arene unit, suggesting that the
octyl group was deeply threaded into the cavity of the
pillararene moiety. The values of the fraction p of complexed
octyl moieties at different concentrations were calculated
from the chemical-shift changes of methyl protons H'! of the
octyl group (Supporting Information, Table S1).!"! The max-
imum possible polymerization degree n at different concen-
trations were then calculated using the Carothers equation.?
As the concentration increases, the calculated size of aggre-
gates increases to truly large values, and linear supramolec-
ular polymers are formed. For example, at 768 mm, p =97.2%
and n=36.8, corresponding to a polymer with molar mass of
31.2 kDa.

Two-dimensional diffusion-ordered 'H NMR spectrosco-
py (DOSY) experiments were performed to investigate the
self-aggregation of 1 during linear supramolecular polymer-
ization. We found that different aggregates are in fast
exchange both on the '"H NMR and on the DOSY timescale.
As the monomer concentration increased from 16 to 512 mm,
the measured weight-average diffusion coefficients decreased
considerably from 6.47x107"° to 1.57x10""m?s™! (Fig-
ure 3a), suggesting the concentration dependence of the
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Figure 3. a) Concentration dependence of diffusion coefficient D (from
"H NMR spectroscopy; 500 MHz, CDCl,, 293 K) of 1; b) Scanning
electron micrograph of a gold-coated fiber drawn from a high-concen-
tration solution of 1.

linear supramolecular polymerization of monomer 1. Based
on previous reports, it is well-known that a high degree of
polymerization for the repeating unit is necessary to observe a
sharp decrease in the diffusion coefficient.’** Thus, the
current measurements clearly indicate the formation of an
extended, high-molecular-weight polymeric structure. Fur-
thermore, a rod-like fiber with a regular diameter of 9.5 um
was drawn from a high concentration solution and observed
by scanning electron microscopy (Figure 3b), providing direct
evidence for the formation of a supramolecular polymer with
high molecular weight.

Viscometry is a convenient method to test the propensity
of monomers to self-assemble into large aggregates. There-
fore, viscosity measurements were carried out in chloroform
using a Cannon Ubbelohde semi-microdilution viscometer.
As presented in Figure 4, the linear supramolecular polymer
assembled from 1 exhibited a viscosity transition that is
characterized by a change in slope in the double logarithmic
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Figure 4. Specific viscosity of 1 in CHCl; (a 286 K; m 298 K; @ 310 K)
versus monomer concentration at different temperatures. Values on
the curves indicate the slope.

plots of specific viscosity versus concentration. In the low-
concentration range, the slopes approximated unity, which is
characteristic for cyclic oligomers with constant size.®¢131
When the concentration exceeded the critical polymerization
concentration (CPC; approximately 275 mm), a sharp rise in
the viscosity was observed (slope =3.03 at 298 K). This slope
value is lower than that of the ureidopyrimidone-based self-
assembling systems reported by Meijer et al. (slopes of 3—
6),5™ but higher than the crown-ether-based systems
reported by us (slopes of 1.43-2.08),5¢1 implying that there
should be some degree of cooperativity in association
between the pillar[S]arene host moieties and octyl guest
units in solution, because the copillararene monomer 1 is
preorganized to form a linear supramolecular polymer
(Supporting Information, the caption of Scheme S1). On the
other hand, the C—H--m interaction is a form of weak
hydrogen bond, so it should be easily affected by the
temperature. Thus we investigated how the temperature
affects the aggregation of 1 in solution by viscosity measure-
ments (Figure 4). When the concentration is below the CPC,
there is no significant change for the aggregation of 1.
However, at concentrations above the CPC, when the
temperature was changed from 310 K to 286 K, the slope
increased from 2.43 to 4.18. This phenomenon indicated that
temperature affects the aggregation of 1; when the temper-
ature increases, the degree of polymerization decreases.
However, the CPC does not change significantly when the
temperature changes. This is understandable, as we previously
found that the CPC value is determined by the geometry of
the monomer but not related to the interaction strength
between the repeating units.">

Because the inspiration of our present work came from
the complex crystal structure of a copillararene and a hexane
molecule,'™! we believed that we could obtain the crystal
structure of 1. In fact, when we obtained the structure of a
single crystal formed from the slow evaporation of a solution
of 1 in a chloroform/methanol mixture by X-ray analysis
(Figure 5), we were surprised. Quite a few reported A-B
monomers assemble in the self-inclusion monomeric or
dimeric style in the solid state.™™ However, in this crystal
structure, the octyl group of a copillararene penetrates deeply
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Figure 5. Two views of the one-dimensional arrangement of 1. Only
hydrogen atoms related to the C—H---7 interactions (indicated by
dotted lines) are shown; other hydrogen atoms are omitted for clarity.

into the electron-rich cavity of another adjacent copillararene
monomer and the monomers align along an axis to form a
head-to-tail linear supramolecular polymer throughout the
entire crystal. There are four hydrogen atoms on the included
octyl group with C—H--m plane distances of 2.82-2.99 A,
which are shorter than 3.05A (the longest interatomic
distance for the existence of a C—H--m interaction), thus
implying the existence of C—H--m interactions between the
copillararene monomers.'”) These are the main enthalpic
(AH) driving forces for the inclusion of the octyl group in the
copillararene cavity of the adjacent monomer. Although the
C—H---m interaction is the weakest hydrogen bond, quadruple
C—H--r interactions are strong enough to hold an electro-
neutral alkyl chain in the electron-rich cavity of a copillar[5]-
arene in the solid state. In chloroform, the positive entropy
term (AS) resulting from exclusion of the solvent from the
cavity should also augment the binding by reducing the free
energy of the system (AG) (Supporting Information,
Scheme S1 caption).!'!

In conclusion, based on easily available copillararene
monomers, linear supramolecular polymers can be efficiently
constructed driven by quadruple C—H--m interactions. Only
two steps were required to prepare copillararene monomer 1
from commerically available compounds. By combination of
various techniques, including '"H NMR, DOSY, NOESY, and
viscometry at different temperatures, it was demonstrated
that the formation of the supramolecular polymer is highly
dependent on the temperature and monomer concentration.
Moreover, rodlike fibers were drawn from a high-concen-
tration solution and observed by SEM, thus directly providing
evidence for the formation of a supramolecular polymer with
a high-molecular weight. The crystal structure of 1 revealed
that the aggregation of copillararene monomer 1 to form a
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linear supramolecular polymer was driven by the quadruple
C—H-mt interactions coupled with the entropic effect of
desolvation of the host cavity. The present study affords the
first example of a supramolecular polymer driven by C—H--xt
interactions. Furthermore, for the first time, the host—guest
chemistry of pillararenes was used in the preparation of a
supramolecular polymer. Considering the easy availability of
copillararene monomers and the stimuli-responsiveness of the
resultant supramolecular polymers, the present study pro-
vides a new and simple way to fabricate stimuli-responsive
supramolecular polymeric materials.
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