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Herein, we adopt a simple supramolecular strategy to effectively control the tautomerism of ureidopy-
rimidinone (UPy) moiety and ultimately realize the complete arrangement of enol configuration. The
obtained UPy derivatives containing self-complementary quadruple hydrogen bonding interactions can
spontaneously self-assemble towards the formation of well-controlled, self-organized supramolecular
nanostructure morphologies in both chloroform and water. The resulting aggregates had been fully char-
acterized by various spectroscopy (absorption, emission) and microscopy (TEM, SEM and AFM) studies. It
is anticipated that this study can provide an exact and excellent monomeric unit for controllable and pre-
cise supramolecular polymerization. The results achieved here also demonstrate the utility and feasibility
of multiple hydrogen bonds to direct the self-assembly of small-molecule building blocks in aqueous
media, which provides a strategy for the construction of well-defined and stable supramolecular archi-
tectures with chemical functionalities and physical properties as advanced materials for biological appli-

cations.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
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Hydrogen bonding is a highly directional and reversible inter-
molecular force, which is of great significance in determining the
structures of significant compounds in biological system and plays
a key role in maintaining their functions and properties [1-4].
Most notable examples include the f-sheet of proteins and the
double helix of deoxyribonucleic acid (DNA) in nature. Inspired
from nature, supramolecular self-assembly, which spontaneously
in harness with the versatility of non-covalent interactions to as-
sociate simple building blocks into stable and well-defined archi-
tectures, has attracted considerable interest among academic re-
searchers and industry over the last decade, and it is still a con-
stantly growing research area [5-8]. As one of the most important
non-covalent driving forces, hydrogen bonding has seen consider-
able use in the construction of supramolecular polymers and vari-
ous functional materials, molecular recognition, catalysis of organic
reactions, and other fields [9-11]. In fact, to date, considerable
attention has been devoted to the development of well-defined
supramolecular assemblies capable of undergoing self-association
through hydrogen bonding interactions in organic solvents [12-14].
However, in aqueous media, it remains a highly challenging issue
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to rationally exploit hydrogen-bond pairs to drive the hierarchi-
cal self-assembly of individual molecular building blocks into sta-
ble and orderly supramolecular structures, despite the omnipresent
examples and their significance in biological assembly processes
and molecular recognition. This is because water molecules, as a
polar molecule and a strong hydrogen-bonding donor and accep-
tor, can effectively compete with directional polar interactions such
as hydrogen bonds and strongly participate in non-covalent pro-
cesses [15-18]. More specifically, hydrogen-bonded mediated self-
assembly in aqueous media has great advantages that are environ-
mentally friendly and directly applicable for biological materials
[19].

Non-covalent synthesis of supramolecular materials in the
aqueous environment requires careful consideration of the molec-
ular design of all components to produce stable materials [20]. To
realize precise structural control and high structural stability, many
important biological processes (such as DNA assembly and protein
folding) adopt a strategy based on shielding directional interactions
into hydrophobic pockets, which is conducive to their complemen-
tary interactions [21-23]. Inspired from nature, a possible strategy
that may work well to drive and maintain the self-assembly of
building blocks in aqueous environment is to ingeniously employ
directional and complementary multiple hydrogen bonding inter-
actions, in combination with the help of other non-covalent inter-
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actions. Further studies on the construction of supramolecular as-
semblies have shown that multiple hydrogen bonding interactions
can be strengthened with the assistance of m-stacking [24-27].
Among many multiple hydrogen bonding systems, ureidopyrimidi-
none (UPy)-based quadruple hydrogen bond self-complementary
array with high directionality and strong binding capacity devel-
oped by the Meijer group in 1997 [28,29], is the most suitable
H-bonding module to build unique architectures in aqueous me-
dia. It cannot be ignored that such systems based on UPy exist
the equilibriums of proton tautomers (keto and enol) in solution
[30]. Unfortunately, there are various isomers in the supramolecu-
lar assembly based on this building block, which is unfavorable to
the formation of well-defined architectures and essentially com-
plicates the structures, properties and applications of the result-
ing supramolecular materials [31]. In consequence, controlling over
the keto-enol tautomerism of this kind of multiple hydrogen bond
system to realize the specific arrangement of single quadruple hy-
drogen bonding dimeric array is an important prerequisite for de-
signing building blocks to produce controllable and highly ordered
artificial supramolecular assemblies in both organic and aqueous
solvents.

Herein, we chose the self-complementary quadruple hydrogen
bonding UPy motif with DADA array as the part of building block,
which mimics nucleic acid base pair motifs found in DNA and
provides four-fold hydrogen bonding interactions in the process
of self-assembly. And, the easy synthesis, cheap raw materials
and sizable association constant of ureido derivatives are attrac-
tive characteristics. Furthermore, in an effort to enhance hydrogen
bonding interactions and build stable supramolecular structures in
aqueous media, amphiphilic and 7-stacking strategies were also
employed to increase the solubility of molecules in aqueous media
and to provide nonpolar microenvironments to shield the multiple
hydrogen bonding interactions from competitive water molecules.
Following this general molecular design strategy, the building block
designed here first forms dimers through the interactions of com-
plementary quadruple hydrogen bonds, and further self-shields
the directional hydrogen bonding interactions in the hydrophobic
pockets of the aromatic rings by forming a characteristic sandwich
structure, thus, one-dimensional linear growth along the x-axis is
ensured, with concomitant parallel stacking along the y-axis into
a two-dimensional (2D) sheet structure (Fig. 1a). The single crystal
structures clearly demonstrate the formation of two-dimensional
sheet structure along the x-axis and y-axis (Fig. 1b). Besides, the
driving force of aggregation along the z-axis comes from the weak
intermolecular double hydrogen bonding interactions (Fig. S1 in
Supporting information).

Ureidopyrimidinone derivatives 1 and 2 were synthesized in a
feasible way (Scheme S1 in Supporting information) and fully char-
acterized by NMR spectroscopy and high-resolution ESI-MS (for de-
tails of synthesis and characterization, see Supporting information).
Due to the inherent proton tautomerism of such system, firstly,
we used a reasonable and simple supramolecular strategy to pre-
vent the occurrence of tautomerism caused by intramolecular pro-
ton transfer, and the resulting derivatives 1 and 2 keeps only in
the enol form (Fig. 2a), which is expected to achieve sizable as-
sociation constant and high stability. Within this molecule, an in-
tramolecular six-membered conjugated H-bonded network and an-
other five-membered hydrogen bond ring were introduced through
urea group derivatization to generate a DADA-ADAD dimeric array
with completely enol configuration. First of all, we need to deter-
mine the exact isomeric structure of building monomer 1, a sin-
gle crystal X-ray diffraction study was carried out. The X-ray sin-
gle crystal structure was obtained by the slow vapor diffusion at
room temperature, in which 1 was dissolved in chloroform while
methanol as antisolvent. In the crystal structure, it clearly demon-
strates that the molecular structure of 1 adopts enol configura-
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tion in the solid state, with the formation of dimeric sequence
DADA-ADAD via four intermolecular hydrogen bonds, which is in
good agreement with our initial design (Figs. 2b and c). Similarly,
the NMR experiments were used to further investigate the for-
mation of complete DADA-ADAD dimeric array from pyrimidin-4-
ol monomer in deuterated chloroform (CDCl3) solution. 'H NMR
spectroscopy of 1 showed that there was only one set of NMR
peaks, and the three NH proton signals between 9.5 ppm and
13.5 ppm in the down field area were the characteristic peaks of
less strong hydrogen bonding interactions, corresponding to the
formation of a pyrimidin-4-ol homodimers via a quadruple DADA-
ADAD array (Fig. S3 in Supporting information). On the other side,
the existence of self-complementary DADA-ADAD dimers from 1
with enol form was also confirmed by the NOE effects between
H, and H, in two-dimensional NOESY spectrum (Fig. S4 in Sup-
porting information). It is known that UPy is one of the most
widely used units containing multicomponent hydrogen bond in-
teractions due to its high association constants. Its derivative 1 has
been successfully constructed without tautomerism that could be
directly used as an excellent building monomer to further self-
assemble into highly ordered supramolecular aggregates. Of special
note, small variation to the structure of constituent molecules in-
duces great effects on the solubility, and water-soluble molecular
2 was synthesized by the same method as 1. The difference be-
tween compounds 2 and 1 is that the side chain of quinoline was
changed from isopropanol to solubilizing chain triethylene glycol,
which provides solubility of molecules in water and is expected to
form stable supramolecular assemblies in aqueous media through
self-shielding directional multiple hydrogen bonds interactions into
hydrophobic pockets.

To provide information on aggregation behavior of hydropho-
bic association water-soluble molecule 2 in the occurrence of the
intermolecular interactions, various spectroscopy measurements in
aqueous solution were undertaken. As a reference, the aggrega-
tion behaviors of 2 in organic solvent were also characterized in
detail by spectroscopy. Fluorescence titration experiments in chlo-
roform showed that with increasing the concentration of 2, there
was an obvious red shift from 420 nm to 460 nm (Figs. 3a and
b). Under the same conditions, a similar behavior was found for
2 in water, a significant red shift from 450 nm to 490 nm occurs
in the fluorescence spectroscopy (Figs. 3c and d). The ultraviolet-
visible (UV-vis) spectra in chloroform showed that, an absorption
band around 370 nm increased nonlinearly with increasing the
concentration of 2, and a deviated point at the concentration of
approximate 7 pmol/L was observed (Fig. S5 in Supporting infor-
mation). Whereas the deviated point of UV-vis spectra in water is
at very low concentration, about 1 pmol/L (Fig. S6 in Supporting
information). The critical concentrations of deviation of UV-vis ab-
sorption are essentially in agreement with those when the fluores-
cence emission spectrum is red shifted. From these, we conclude
that under the synergistic effect of intermolecular four-fold hydro-
gen bonding and m-stacking, self-assembly of 2 gave rise to the
formation of aggregates in both organic and aqueous solvents. Yet
it is worth noting that, in water, the transition concentrations of
fluorescence and ultraviolet absorption spectrum of compound 2
are at lower concentrations when compared with 2 in chloroform,
clearly indicating that water molecules here did not interfere with
the self-assembly process driven by non-covalent interactions, and
the aggregation ability of 2 in water became stronger than chloro-
form.

Scanning imaging technique is the most direct and definite
way to evaluate the structural organization of these supramolec-
ular aggregates. The self-assembled morphologies of 2 were inves-
tigated in aqueous solution, as revealed by transmission electron
microscopy (TEM) and scanning electron microscope (SEM). Sev-
eral microliters of aqueous solution of 2 were added dropwise on
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Fig. 1. (a) Schematic diagram of the dimerization of building block, further self-shielding into a one-dimensional linear chain along the x-axis, and finally parallel stacking
into a two-dimensional (2D) sheet structure. (b) View of 2D structure in crystal along x-axis and y-axis (N, blue; O, red; C, gray).
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Fig. 2. (a) Molecular structure of compounds 1 and 2. (b) Single crystal X-ray struc-
ture of 1. (c) Side view of 1.

the freshly carbon support film copper surface, respectively, dried,
and then observed under TEM. The stacked lamellar structures are
visible for supramolecular assemblies based on building block 2
from TEM micrographs (Fig. 4a). The same sample solutions were
treated and further analyzed by using SEM. It could be seen in
the SEM image that the aggregates of 2 formed flat 2D sheet-like
structures, in good accordance with the results observed by TEM
(Fig. 4b). From the perspective of crystal structure, we analyzed
the existence of sandwich structures with self-shielding function
produces a hydrophobic microenvironment to allow the expression
of directional multiple hydrogen bonding interactions, which plays
a vitally important role for the generation of dimensionally con-
fined nanostructures in aqueous media (Fig. 1). To obtain more
information about the topographical thickness of nanosheets, we
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Fig. 3. (a) Fluorescence spectra of 2 at different concentrations (0-20pmol/L) in
CHCl3. (b) The maximum emission wavelength of 2 varied with the concentration.
(c) Fluorescence spectra of 2 at different concentrations (0-10 pmol/L) in H,0. (d)
Variation of the maximum emission wavelength versus concentrations.

also performed tapping mode atomic force microscopy (AFM) ex-
periments, which has been an important tool for direct observing
the height of samples on nanoscale. Bulk studies with AFM in-
dicated that the nanosized sheets of 2 are very flat with an ap-
proximate thickness of 5.0 nm (Fig. 4c). In addition, the thick-
ness of self-assembled nanosheets of 1 in organic solution is about
4.1 nm (Fig. 4d), which is consistent with the height of oligomeric
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Fig. 4. (a) TEM, (b) SEM and (c) AFM images of 2 self-assembled into nanosheets
in water. (d) AFM images of 1 self-assembled into nanosheets in chloroform.

tetramer formed by intermolecular double hydrogen bonding in-
teractions along the z-axis (Fig. S2 in Supporting information). Ac-
cording to these findings shown here, the self-assembly of dimen-
sionally confined nanosheets with uniform thickness was realized
by self-shielding multiple hydrogen bonding interactions in aque-
ous media.

In conclusion, we are able to design and synthesize ureidopy-
rimidinone derivatives 1 and 2 with complete enol configuration,
which can be used as an excellent building unit to construct
supramolecular assemblies with clear and definite structures. The
solubility properties can be adjusted through subtle molecular de-
sign. By replacing the original hydrophobic side chain of quino-
line moiety with triethylene glycol, water-soluble small molecule 2
was obtained. Just as hydrogen bonding in the interiors of water-
soluble proteins is protected by the hydrophobic microenviron-
ments, the self-complementary quadruple hydrogen bonds hidden
inside of the hydrophobic m-stacking pockets of quinoline are sta-
bilized for the expression of hydrogen bonding interactions in the
self-assembly, thus enabling the formation of highly stable and or-
dered sheet-structures in aqueous media. Nanosheets with differ-
ent thicknesses can be obtained by tuning the length of the side
chain of molecular monomer. Moreover, different functional groups
could be incorporated at the end of assembled monomer, which
may open the door to the new properties and functions of dimen-
sional confined nanosheets. Additionally, our findings provide con-
formationally definite building block for accurately manipulating
the self-assembly and self-organization process during the creation
of highly ordered systems, and provide fundamental insights into
understanding of the multiple hydrogen-bonding interactions in
aqueous environment, with important implications on the design
and fabrication of supramolecular assemblies for various bioengi-
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neering and engineering applications, such as novel self-organized
nanostructures, and new functional materials with specific proper-
ties.
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