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Novel supramolecular polymers constructed from Q[8] and
1',1''-(alkylene-1,4-diyl)bis(1-butyl)-4,4'-bipyridine-1,1'-
diium)bromide (alkylene hexylene, octylene) (1, 2) have
been fabricated and characterized on the basis of a series of
NMR, SEM, and DLS techniques. In particular, single crystal
X-ray diffraction analysis clearly reveals their ternary host-
guest construction nature by mediating the Q[8] host
molecule through two terminal butyl chains (that are
simultaneously included inside the host cavity) of two guest
molecules depending on multiple hydrogen bonding
interactions between the host and guest molecules as well as
between the host and host molecules with the total energy
amounting to as high as 161.2 kJ/mol. This represents the
first example of ternary host-guest supramolecular polymers
that are mediated through alkyl chains instead of aromatic
moieties included.

Supramolecular polymers have attracted increasing research
interests in the past decade due to their important roles in lifel"!
and potential applications in photovoltaic devices,””! drug
delivery,”! porous membranes,! and catalysts!®! associated with
their useful features including responsiveness to stimuli,l® self-
healing,!”? and degradability.”™! In line with the construction of the
most important naturally occurring supramolecular polymer,
DNAs, many artificial supramolecular polymers including the
binary host-guest species have been prepared depending on
hydrogen bonding interaction with relatively strong intensity and
direction between the monomeric molecules.”'” This however is
not true for the ternary host-guest supramolecular polymers,
which are constructed usually depending on either host-enhanced
n-1 interaction or host-stabilized charge transfer interaction
between the functional groups (that are simultaneously included
inside the host molecule) of two guest molecules.!'™'? As a
consequence, ternary host-guest supramolecular polymers were
usually constructed by mediating corresponding macrocyclic host
molecule with two guest molecules bringing either n-7
interaction formation aromatic moiety like anthracene and
naphthalene!'*) or charge transfer interaction formation electron-
donating/electron-accepting pair like the methyl viologen and
naphthol moieties."*! To the best of our knowledge, there still
exists no report on the ternary host-guest supramolecular polymer
system that is mediated through two alkyl groups instead of two

aromatic moieties (of two guest molecules) that are
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simultaneously included inside the host molecule.

On the other hand, as one of the important functional
macrocyclic compounds, cucurbit[z]urils (Q[r]) with tunable
cavity have been disclosed to exhibit good host-guest
supramolecular polymer formation property because of their high
binding constants with the guest molecules.'! In particular, the
Q[8] species has been among the most widely employed
cucurbit[n]uril members in constructing stable ternary host-guest
supramolecular polymers due to its relatively large cavity, which
enables the simultaneously inclusion of both aromatic functional
groups of two guest molecules.'*'*!® In the present work, this
macrocyclic compound was employed again as the host
compound to construct novel host-guest supramolecular polymers
Q[8]@n (n =1, 2) with the guest compounds 1',1"-(alkylene-1,4-
diyl)bis(1-butyl)-4,4'-bipyridine-1,1'-diilum)bromide (alkylene =
hexylene, octylene) (1, 2), Scheme 1. Surprisingly, single crystal
X-ray diffraction analysis clearly reveals their construction nature
by mediating the Q[8] host molecule through two terminal butyl
chains (that are simultaneously included inside the host cavity)
instead of two aromatic pyridine moieties of two guest molecules
in the solid state depending on multiple hydrogen bonding
interactions with different modes between the host and guest
molecules as well as between the host and host molecules. This
seems also true for Q[8]@n (n = 1, 2) formed in solution on the
basis of spectroscopic in particular the NMR investigation results.
The present result represents the first example of ternary host-
guest supramolecular polymers that are mediated through alkyl
chains instead of aromatic moieties that are included in the host
molecule.

OO e O

n=6(1),8(2)

Scheme 1. Schematic molecular structures of Q[8] and 1',1"-
(alkylene-1,4-diyl)bis(1-butyl)-4,4'-bipyridine-1,1'-
diium)bromide (alkylene = hexylene, octylene) (1, 2).

Host Q[8] was prepared according to a published procedure.!'”

Two 1-butyl-4,4'-bipyridinium units were linked together with a
linear alkyl chain as the potential guest molecules to construct the
ternary host-guest supramolecular polymer with Q[8]. Reaction
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Fig. 1 Crystal structure and various hydrogen bonds existing between the host and guest as well as between the host and host molecules

in Q[8]@2.

s between 1-butyl-4,4'-bipyridinium and 1,n-dibromoalkane in
refluxing DMF afforded the guest compounds 1',1"-(alkylene-1,4-
diyl)bis(1-butyl)-4,4'-bipyridine-1,1'-diium)bromide (alkylene =
hexylene, octylene) (1, 2) in good yield (73.8-79.2%). It is worth
mentioning that the two viologen dication moieties incorporated

10 in these two guest compounds lend these two compounds good
water-solublity, rendering the reaction being able to occur with
water soluble Q[8] in aqueous solution. Indeed, the corresponding
ternary host-guest supramolecular polymers Q[8]@ n (n =1, 2)
were provided via aqueous solution reaction of Q[8] with 1 and 2

15 on the basis of single crystal X-ray diffraction analysis and a
range of spectroscopic techniques as detailed below.

Single crystals of the supramolecular polymers Q[8]@n (n =1,

2) were obtained by slow evaporation of the solvent from the
aqueous reaction mixture of corresponding guest and
20 cucurbit[8]uril in air. Q[8]@1 and Q[8]@2 crystallize in the
triclinic system with a P-/ space group and monoclinic system
with a P2/n space group, respectively. As can be seen in Fig. 1,
for the ternary supramolecular polymer Q[8]@2, the outer butyl
groups of two independent guest molecules are located inside the
25 cavity of one Q[8] host in a head-to-tail orientation with the
viologen moieties sitting just outside the portal of Q[8], while the
octylene chain that connects the two viologen moieties in the
guest molecule is completely encapsulated by another Q[8]
molecule, resulting in the formation of one dimensional
30 superamolecular chain depending on multiple hydrogen bonding
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interactions with various kinds of different bonding modes
between the host and guest molecules as well as between the host
and host molecules. For the readers’ convenience, all the
hydrogen bonding interactions involved in the present
supramolecular polymeric system Q[8]@2 have been clarified on
the basis of the framework revealed by single crystal X-ray
diffraction analysis with the help of theoretical analysis using the
density functional theory of PBE-D(Grimme)/DND(3.5).'8! As
shown in Fig. 1, the host and guest hydrogen bonds include two
C-H:--O=C hydrogen bonds between the pyridine moiety and
carbonyl oxygen atom of Q[8], one C-H---O=C hydrogen bond
between butyl chain and carbonyl oxygen atom of Q[8], two
bifurcated (C-H), --O=C hydrogen bonds between the pyridine
moiety and carbonyl oxygen atom of Q[8], two C-
H,--O(H,)- - -(H-C), hydrogen bonds between the -CH,- group of
Q[8] and two -CH groups in the pyridine moiety with the help of
one water molecule, one C-H---(OH-H---O=C), hydrogen bond
between one —CH group of pyridine moiety and two carbonyl
oxygen atoms of Q[8] with the help of two water molecules, one
Py(n)---H-O-H:--O=C hydrogen bond between one pyridine
moiety and one carbonyl oxygen atom of Q[8] with the help of
one water molecule. While the host and host hydrogen bonds
include two bifurcated C-H,---O=C hydrogen bonds between the
two Q[8] molecules as well as two C-H,---O-H,---O=C hydrogen
bonds between the -CH, group of one Q[8] and the carbonyl

oxygen atom of another Q[8] with the help of one water molecule.

In addition, as also clearly shown in Fig. 1, two very much
complicated hydrogen bonding networks involving both the —-CH,
groups and carbonyl oxygen atoms of two Q[8] molecules and the
—CH groups of pyridine moieties with the help of multiple water
molecules (actually four and six, respectively) also play a very
important role in leading to the formation of the one-dimensional
supramolecular chain from host and guest molecules.
Nevertheless, calculation over the basic building block unit for
the supramolecular polymer of Q[8]@2 composed of two host
and one guest molecules reveals that the total energy of all the
hydrogen bonds amounts to as high as 161.2 kJ/mol, which easily
accounts for the formation of stable supramolecular polymer
Q[8]@2 in either solid state or solution state even at room
temperature as detailed below.

Fig. S3 (ESIT) displays the two dimensional crystal structure of
Q[8]@2. As can be seen, the 1D superamolecular chain as
building block further packs into a two dimensional
supramolecular network also via the O-H---O hydrogen bonding
interaction between the water molecules and the portal carbonyl
groups of Q[8] as well as the O-H:--Cl hydrogen bonding
interaction between the water molecules and the tetrachloro
zincate anions filled between the neighboring supramolecular
chains.["! This is also true for Q[8]@1, Fig. S4 and S5 (ESIT).

In addition, both the two species of Q[8] host molecules
intrinsically with Dg, symmetrical conformation in Q[8]@n (n =
1, 2) undergo ellipsoidal deformation due to the inclusion of alkyl
chains in their cavity, which is clearly revealed by the different
O---O distances between the two terminal carbonyl portals of each
Q[8] molecule ranging from 9.150 to 10.802 A for Q[8]@1 and
from 9.680 to 10.301 A for Q[8]@2. At the end of this section, it
is worth noting that when forming ternary host-guest
supramolecular polymers with the guest molecule containing
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aromatic moieties, the Q[8] compound usually chooses to host the
aromatic moieties instead of the alkyl groups (of the guest
molecules) inside its cavity due to the relatively stronger
interaction of Q[8] with the aromatic moiety than with alkyl
chain.®? This actually is also true for other macrocyclic
compounds as host with the so-called “pseudo-aromatic”
molecular structure.[*>42!]
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Fig. 2 'H NMR spectra of 1 (A), 1 and Q[8] in the ratio of 0.6
(B), 1.1 (C), 1.5 (D), 2.0 (E), and Q[8] (F) in D,0.

In order to investigate the complexation of Q[8] with 1 and 2 in
solution, "H NMR titration experiments were performed by
adding increasing amount of Q[8] into the solution of 1 and 2 in
D,O. As clearly shown in Fig. 2 and Table S1 (ESIt), only one
set of two signals were observed at 6 8.96 and 8.38 ppm,
respectively, for the two sets of aromatic protons (H,, Hg and H,
Hp) of the viologen dication moieties in the 'H NMR spectrum of
the free guest compound 1 due to their almost same (at least very
much similar) chemical environments between H, and H, as well
as between Hp and Hp protons. However, the 'H NMR spectrum
of the mixture of 1 and Q[8] in D,O is not a simple
superimposition of the spectrum of pure 1 and that of pure Q[8]
in the same deuterated solvent, Fig. 2. In line with the result
reported previously,” addition of the host compound Q[8] into
the D,O solution of guest 1 does not induce any noticeable
change in the signals attributed to the Q[8] aliphatic protons. This,
however, is definitely not true for the signals due to the protons in
particular the aromatic protons of the guest compound 1. As can
be seen in Fig. 2, when more than 1.0 (until 2.0) equiv. of Q[8]
was added into the solution of 1 in D,0, the set of signal at 6 8.96
ppm attributed to the H, and H, protons of free guest 1 started to
split. In particular, when 2.0 equiv. of Q[8] was added, this set of
signal clearly splits into two sets of signals at & 8.69 and 8.93
ppm, respectively. This is also true for set of signal due to the Hp
and Hg protons of free guest 1 at § 8.38 ppm into the two sets of
signals at & 8.38 and 8.48 ppm for the mixture of Q[8] and 1 in
the ratio of 2:1 in D,O, Fig. 2, indicating the complexation
between the host Q[8] and guest 1 in the ratio of 2:1. Taking the
single crystal X-ray diffraction analysis result for supramolecular
polymer Q[8]@1 into account, the supramolecular structure
formed between Q[8] and 1 in the ratio of 2:1 in solution could

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 3



Polymer Chemistry

then be visualized as the one similar to that in solid state with two
species of Q[8] host molecules: One Q[8] molecule includes two
terminal butyl groups of two independent guest molecules while
the other one encapsulates the central hexylene chain that

s connects the two viologen dication moieties in the guest molecule
of 1, resulting in the differentiation of the pyridinium moiety
connecting the butyl group from the one connecting the hexylene
chain in the viologen dication moieties of 1 in terms of NMR
spectroscopy. As a natural result, NMR differentiation also

10 occurs on the protons between the butyl group and hexylene
chain in 1, Fig. 2 and Table S1 (ESIY), the closer the protons to
the aromatic pyridinium moiety, the more obvious the NMR
differentiating effect. This is actually also true for the case of Q[8]
with 2 in D,0, Fig. S7 and Table S1 (ESIt).

Time (s)
10P0 25|00 30‘00
} }

1 5|00 ZOPO 35|00 JOPO 45|00 SOPD 55|00
T T T T T T T

Corrected Heat Rate (uJis)
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I
0.6 08 1.0 1.2
15 Molar Ratio

Fig. 3 ITC data for the binding of Q[8] with 1 in aqueous solution
at 25°C.

Isothermal titration calorimetry (ITC) measurements have been
revealed to be able to provide the quantitative information for the
20 host-guest complexation including both the binding affinity and
thermodynamic origin. As a consequence, a solution of 1 or 2
(1.2 mM) was consecutively injected into the solution of Q[8]
(0.10 mM) at 25°C to record the exothermic binding isotherm,
Fig. 3, resulting in the resolution of the binding molar ratio value
»s of N = 0.509 and 0.491, respectively. This result is very much
close to the expected one of 0.5, suggesting the binding
stoichiometry of either 1 or 2 to Q[8] is 1:2. In addition, the
association constant of K, = (4.87 £ 0.23) x 10° and (8.49 + 0.17)
x 10° M ! for Q[8] with 1 and 2, respectively, was also afforded
30 on the basis of corresponding experimental result. Such a high
binding constant suggests the relatively strong host-guest
interaction between Q[8] and 1 or 2, indicating the construction
of stable supramolecular polymers of Q[8]@n (n = 1, 2) in water.
Meanwhile, the relatively large negative enthalpy value of
35 Q[8]@n (n =1, 2) deduced reveals that the assembly process of
supramolecular polymers of Q[8] with either 1 or 2 is typically
driven by a favorable enthalpy change, Table S2 (ESIt).

Electronic absorption spectroscopy was usually utilized to
afford information about the binding mode(s) among the host
40 and/or guest molecules in particular for the systems involving nt-nt
interaction between aromatic functional moieties. However, in
the present case, as shown in Fig. S10 (ESIT), addition of 2.0
equiv. of Q[8] into the solution of 1 or 2 in water induces almost

no change in the electronic absorption spectrum: except the very
4s much slight change in the intensity, the absorption band around

263 nm keeps almost unshifted. The result clearly reveals the lack

of m-m interaction between the guest molecules in solution,

suggesting the similar binding modes among the building blocks

of host and/or guest molecules to those in solid state
so supramolecular polymers.

Diffusion-ordered NMR spectroscopy (DOSY) was usually
employed to confirm the formation of supramolecular polymers
in solution since the results could directly correlate the 'H NMR
signals between the host and guest molecules with corresponding

ss diffusion coefficient®”). In the present case, the DOSY spectra of
a series of samples with different ratio between n (n = 1, 2) and
Q[8] in D,0O were recorded. As exhibited in Fig. 4 , the average
diffusion coefficient obtained for the host compound Q[8] is
revealed to be 2.90 x 1071° m? s, which amounts to 3.09 x 107
o and 3.05 x 107" m? s ', respectively, for the guest compound 1
and 2. Mixing the host and guest compounds together by adding
Q[8] in D,0 into the D,O solution of the guest compound leads to
a decrease in the average diffusion coefficient. Nevertheless,
along with the increase in the ratio of Q[8] to guest, the average
es diffusion coefficient of the complex gets further decreased with
the lowest average diffusion coefficient value of 1.21x 107" for
Q[8]@1 and 1.07x 10 m* s ' for Q[8]@2 being reached at the
molar ratio of 2.0 between Q[8] and guest. Such a dramatic
decrease in the diffusion coefficient suggests that the host and
70 guest building blocks diffuse as one entity, indicating the
formation of a large polymeric species between Q[8] and guest.
In addition, the SEM image from aqueous solution (¢ = 0.50 mM)
of Q[8] and 2 provides direct visual information for the formation
of linear polymeric structure with diameter of ca. 510 nm, Fig.
75 S13 (ESIY).

3.0 -

0.0 0.5

1.5 2.0

0
NQ[S] Ny
Fig. 4 Average diffusion coefficient of 1 with different ratios of
Q[8].

Dynamic light scattering (DLS) performed in dilute solution

so was quite often employed to monitor the formation of linear
supramolecular polymer. Fig. 5 shows the DLS data of polymer
Q[8]@1. As can be found, mixing Q[8] and 1 at the molar ratio of
1:1 leads to the observation of one hydrodynamic diameter
distribution centered at 98 nm due to the formation of polymer
ss chains with a low degree of polymerization. When the molar ratio
between Q[8] and 1 was changed to 2:1, a new hydrodynamic
diameter distribution centered at 265 nm instead of the old one

was observed, indicating the formation of much larger

4 | Journal Name, [year], [vol], 00—00
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supramolecular entities due to the further assembly of host
molecules with polymer chains formed at the molar ratio of 1:1.
As shown in Fig. S14 (ESIt), mixing Q[8] and 2 at the molar ratio
of 1:1 induces the appearance of two hydrodynamic diameter

s distributions. The one centered at 6 nm could be ascribed to the
pseudorotaxane structure (instead of the linear supramolecular
polymer) between Q[8] and 2, while the other one centered at 105
nm was contributed by polymer chains of Q[8]@2. When the Q[8]
and 2 molar ratio was changed to 2:1, two relatively wide peaks

10 were observed from 80 to 250 nm. The one centered at 122 nm is
ascribed to the existence of polymer chains with a relatively low
degree of polymerization and the other centered at 220 nm
indicates the formation of large supramolecular assemblies with
high molecular weight.

304

204

Intensity / %

—rr
1000
Diameter / nm

Fig. 5 DLS data of Q[8]@]1.

Briefly summarizing above, two novel ternary host-guest
supramolecular polymers have been successfully constructed
from cucurbit[8]uril and 1',1"-(alkylene-1,4-diyl)bis(1-butyl)-4,4'-
bipyridine-1,1'-diilum)bromide, depending on multiple hydrogen
bonding interactions with different modes between the host and
guest molecules as well as between the host and host molecules,
and structurally characterized on the basis of single crystal X-ray
diffraction analysis. This appears also true in solution according
to NMR, SEM, and DLS investigation results. In particular,
theoretical analysis in combination with the single crystal X-ray
diffraction analysis result renders it possible to clarify all the
hydrogen bonds involved in the supramolecular polymeric
systems with the total energy amounting to as high as 161.2
30 kJ/mol. Taking into account the important role of the natural
supramolecular polymers formed depending mainly on multiple
water-aided hydrogen bonding instead of m-m interactions, new
host-guest supramolecular polymers that are mediated through
alkyl chains instead of aromatic moieties included are expected to
induce increasing research interests due to their potential life
science-related significance.
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Unprecedented Cucurbituril-Based Ternary Host-Guest

Supramolecular Polymers Mediated through Included Alkyl Chains

Xin Xiao, Nana Sun, Dongdong Qi, and Jianzhuang Jiang*

Novel ternary host-guest supramolecular polymers constructed from Q[8] and

1',1"-(alkylene-1,4-diyl)bis(1-butyl)-4,4'-bipyridine-1,1'-diium)bromide with included

alkyl chains as the mediating functional groups have been fabricated and structurally

characterized for the first time.




