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28 ABSTRACT: Directed by increasing the density of coordination sites (DOCS) to increase the stability of assemblies, dis-
29 crete 2D ring-in-rings and 3D sphere-in-sphere were designed and self-assembled by one tetratopic pyridyl-based ligand
30 with 180° diplatinum(II) acceptors and naked Pd(II), respectively. The high DOCS resulted by multitopic ligand provided
31 more geometric constraints to form discrete structures with high stability. Compared to reported supramolecular hexa-
32 gons and polyhedra by ditotpic ligands, the self-assembly of such giant architectures using multitopic ligands with all
33 rigid backbone emphasized the structural integrity with precise preorganization of entire architecture, and required elab-
34 orate synthetic operations for ligand preparation. In-depth structural characterization was conducted to support desired
35 structures, including multinuclear NMR (‘H, *P, and ®C) analysis, 2D NMR spectroscopy (COSY and NOESY), diffusion-
36 ordered NMR spectroscopy (DOSY), multidimensional mass spectrometry, TEM and AFM. Furthermore, a quantitative
37 definition of DOCS was proposed to compare 2D and 3D structures and correlate the DOCS and stability of assemblies in
38 a quantitative manner. Finally, ring-in-rings in DMSO or DMF could undergo hierarchical self-assembly into the ordered
39 nanostructures and generated translucent supramolecular metallogels.
40
41
42 Introduction ometry, the geometry information instilled in the compo-
43 . . . . nents, and the reaction conditions.>™ For instance, Stang
44 Inspired by many functional biological systems created by . o
. et al. emphasized the angles of building blocks and sum-
45 nature, great efforts have been dedicated to the construc- . . ..
. .\ marized the general design principle for macrocycles us-
46 tion of novel supramolecular structures by exploiting a . L o e 3l s . ! -
. . . ing ditopic subunits.** > Typically, under this design prin
47 variety of non-covalent interactions, such as van der . . . .
. . . . . ciple, using the combination of right-angular metal com-
48 Waals, m-m stacking, metal-ligand interactions, dipole- .1 . ) )
. . . . ) . ponents and organic ligands should give rise to the pre
49 dipole interaction, hydrogen bonding etc.' Benefiting . :
. . . . . dicted self-assembly macrocycles.
50 from their versatile topological structures in a precisely
51 controlled fashion at a wide range of length scales, these Guided by this principle, 2D metallo-supramolecular
52 defect-free assemblies possess fascinating catalytic, elec- structures were mainly assembled by ditopic ligands and
53 trochemical, photophysical, and magnetic properties with has matured in the context of a large variety of macrocy-
54 promising applications in energy, environmental, and cles.” However, multivalent interactions, which are ex-
55 biomedical fields.* Because of its highly directional and tensively employed by nature to form stable secondary,
56 predictable feature, coordination-driven self-assembly has tertiary, and quaternary structure of proteins, have not
57 evolved into a well-established methodology for con- been as varied and significant as in biological systems. It
58 structing novel two-dimensional (2D) and three- is attributable to the challenge of design and synthesis of
59 dimensional (3D) architectures based on specific stoichi- rigid multitopic ligands with precisely pre-organized ge-
60
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ometries for multivalent interactions. We reason that if
multitopic ligands are designed with appropriate geome-
try, i.e., angles and distances, the self-assembly may lead
to the construction of more sophisticated 2D architec-
tures with desired shapes, sizes and increasing complexi-
ty, and thus to achieve optimal functionality. Further-
more, multitopic ligands assisted self-assembly may in-
crease the coordination sites within a finite geometry, or
density of coordination sites (DOCS),” and thus, could
increase the stability of 2D assemblies and facilitate char-
acterization compared to conventional macrocycles. Nev-
ertheless, self-assembly of large discrete 2D structures are
more challenging than 3D structures from a standpoint of
increasing the number of coordination and stability, be-
cause the orientation and interaction of 2D ligand is lim-
ited in plane geometry.

Directed by multitopic ligands assisted self-assembly,
discrete hexagon wreaths with increasing complexity were
obtained in our initial efforts through self-assembly of
multitopic 2,2:6’,2”-terpyridine ligands with Zn(II).” The
success of using multitopic terpyridine ligand for the self-
assembly of hexagon wreaths is reminiscent of pyridyl-
based self-assembly, wherein both end-capped metal
components and naked metal ions can be used to assem-
ble a wide array of 2D and 3D structures.*>'*" Thus, mul-
titopic pyridine ligands are able to serve as a more versa-
tile platform to achieve more sophisticated supramolecu-
lar structures with increasing complexity than terpyri-
dine-based ligands,” which are limited by the fixed 180°
angle of <terpyridine-metal(Il)-terpyridine> connectivity
and centered on 2D self-assembly."”

To strengthen the design and self-assembly using mul-
titopic ligands, we herein report the self-assembly of giant
2D ring-in-rings and 3D sphere-in-sphere using one tetra-
topic pyridyl-based ligand with end-capped Pt(II) compo-
nents and naked Pd(II), respectively (Scheme 1). Com-
pared to reported hexagons and polyhedra by ditotpic
ligands,*° the self-assembly using multitopic ligands
requires more integrated design, elaborate synthetic op-
erations and extensive characterization. With a careful
control over directional bonding, higher DOCS can be
realized within such complex structures. Note that we
designed and evaluated a large pool of tetratopic ligand
candidates with different geometry and linkers. Accord-
ing to molecular modeling, the structure of ligand 1 is the
optimal one to generate desired structures with minimum
geometric constraints as shown in Scheme 1. Therefore,
using multitopic ligand with encoded geometry infor-
mation, we are able to move beyond polygons and poly-
hedra to more complex structures with increasing num-
bers of edges, faces, and vertices.

Furthermore, we quantitatively define and describe the
concept of DOCS for both 2D and 3D self-assembly. And
thus, we are able to correlate the intrinsic relationship
between stability and DOCS of assemblies, and directly
compare the stability difference of 2D and 3D structures.
The design and self-assembly strategy developed in this
study as well as the potential applications will provide

further insight into the current state of coordination-
driven supramolecular chemistry, which has matured in
the context of a large variety of macrocycles and polyhe-
dra assembled by ditopic ligands.

Scheme 1. Self-assemblies of ring-in-rings (R1 and R2)
and sphere-in-sphere (S)
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Results and Discussion

Synthesis, Self-Assembly and Characterization of
Ring-in-Rings. Tetratopic ligand 1 was synthesized by
several steps of Suzuki and Sonogashira couplings as
shown in Scheme 2. Two alkyloxy chains were introduced
to increase solubility of target assemblies and simplify 'H
NMR spectrum of aromatic region. The 'H NMR spectrum
of ligand 1 showed two sets of pyridine signals corre-
sponding to the symmetric structure (Figure 1a). The as-
sembled ring-in-rings (R1 and R2) were achieved by mix-
ing donor ligand 1 with the 180° diplatinum (II) acceptor 2
or 3 in 1:2 ratio in dg-DMSO, respectively for direct mul-
tinuclear NMR ('H, *P, and ®C) analysis and multidimen-
sional mass spectrometry characterization.
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Scheme 2. Synthesis of ligand 1
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for R1 (Figues 1c), the observation of a distinct band at log
D= - 9.97 suggested the formation of single product. Simi-
larly, DOSY of R2 showed one band at log D= - 10.02, in-
dicating a slightly larger size than Ru (Figure Sic).

'H and *'P NMR analysis of R1 and Rz revealed very sim-
ilar characteristics, supporting the formation of discrete
and highly symmetric architectures. As many previous
study, the broad NMR signals were attributed to the tum-
bling motion of giant assemblies that were slow on the
NMR time scale (Figure 1).5%59In the 'H NMR spectrum
of each assembly, the o and B hydrogen atoms of the pyr-
idine rings displayed down filed shifts (a-H, 0.23 ppm, B-
H, 0.24 ppm) upon complexation of the pyridine-N atom
with the Pt(Il) center, indicating the loss of electron den-
sity (Figures 1a and Sia ).** Moreover, the single set signal
of alkyloxy chains was another characteristic feature of
discrete assembly and excluded the formation of oligo-
mers. Further characterization by 2D NOESY was em-
ployed as well to facilitate 'H NMR interpretation. Herein
the presence of cross peaks between the signals of the
PEt, protons and the pyridine protons was observed (Fig-
ures S26 and S32), indicating that pyridyl groups are co-
ordinated to Pt with phosphine ligands.

Due to the considerable broadening effect, *P NMR
spectra of R1 (Figure 1b) and R2 (Figure Sib), which were
shifted upfield (calculated 3.58 ppm for R1 and 3.74 ppm
for R2) from the starting diplatinum(II) acceptor 2 or 3,
only displayed one broad peak at 15.10 ppm and 15.76
ppm, respectively. Theoretically, there should be two dif-
ferent signals for the inner and outer rims of *P. This also
could be attributed to the quite similar chemical envi-
ronment of ring-in-ring. Additionally the decrease in
coupling of flanking '*°Pt satellites (ca.AJ = - 178.1 Hz for
R1 and AJ = - 156.6 Hz for R2) was observed. These chang-
es are consistent with back-donation from the platinum
atoms.” In diffusion-ordered NMR spectroscopy (DOSY)
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Figure 1. a) 'H NMR spectra of 1 (500 MHz, CDCL,, 300 K),
R1 (s00 MHz, d,-DMSO, 330 K) and 180° diplatinum(II)
acceptor 2. ¢, ¥ and & are signals for CDCL;, de-DMSO
and D,O respectively. b) *P NMR (242.9 MHz, d¢-DMSO,
330 K) spectra of R1 and 180° diplatinum (II) acceptor 2. c)
2D DOSY (500 MHz, dg-DMSO, 330 K) spectrum of Rui.
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Figure 2. a) ESI-MS of R, with an inset showing the the-
oretical and experimental isotopic patterns of the 13" sig-
nal. b) 2D ESI-IM-MS plot (m/z vs drift time) of R1. The
charge states of intact assemblies are marked.

Multidimensional mass spectrometry including three
levels of characterization, i.e., conventional electrospray
ionization-mass spectrometry (ESI-MS), ion mobility-
mass spectrometry (IM-MS)*** and gradient tandem-
mass spectrometry (gMS?)* were employed to unambigu-
ously address the molecular compositions, shapes, sizes
and stability of these giant assemblies. In ESI-MS, a series
of peaks with continuous charge states corresponding to
losing different numbers of CF,SO, counterions were
detected along with negligible fragments (Figures 2a and
S2a). The experimental isotope pattern of each charge
state agreed well with theoretical simulations (Figures Ss
and S6). After deconvolution, R1 and R2 were measured
as 20,153 and 21,065 Da, respectively with molecular com-
position of 6 ligand 1 and 12 diplatinum(II) acceptor 2 or
3. It is worth nothing that ESI-MS of many previous hexa-
gon assembled by ditopic pyridyl-based ligands always
produced vast fragments, which became a major obstacle
to effective spectra interpretation and structural charac-
terization.®**® Therefore, these ring-in-rings with high
DOCS significantly increased the stability of assemblies
and thus facilitated mass spectrometry characterization.

Figure 3. The gradient tandem-mass spectrometry (gMS?)
of R1 at m/z 194.6 (15%) with different collision energy.

As a powerful tool for macromolecular structure char-
acterization, IM-MS was applied as the second level mass
spectrometry analysis to address whether structural iso-
mers or conformers existed (Figures 2b and Szb). IM-MS
displayed signal of each charge state (7" to ") with a nar-
row distribution as expected owing to the great rigidity
and geometric constraints, indicating that there was no
isomers or conformers. gMS* was applied as third level of
mass spectrometry to evaluate the stability difference of
supramolecular structures, particularly 2D vs 3D (vide
infra). 15" charged ions of R1 and R2 were isolated by
quadrupole for the following collision induced dissocia-
tion (CID), in which collision energy was gradually in-
creased by changing the voltage of trap cell. Both R1 and
Rz exhibited similar but low stability and completely dis-
sociated at 8 and 10 V, corresponding to a same center-of-
mass collision energy of 0.02, respectively (Figures 3 and

S3).

To obtain more structural evidence, transmission elec-
tron microscopy (TEM) measurement was performed to
directly visualize the sizes and shapes of these giant 2D
architectures (Figures 4 and S4a, S4b). Both R1 and Rz
with 24 Pt(Il) ions bearing a high electron density signifi-
cantly enhanced the contrast between two rims and cen-
tral hollow region. In Figure 4, several nearly circular
structures of R1 are shown on carbon-coated copper grids
with comparable size as theoretical diameter of 7.2 nm by
modeling. As additional evidence, the images from AFM
showed the morphology of the R1 and Rz as dots on the
mica surface (Figure S4 and S35).
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Figure 4. a, b, ¢, d) TEM images of R1 in different scale. e)
Representative energy-minimized structures from molec-
ular modeling of R1. The alkyl chains are omitted for clar-
ity in the molecular modeling.

Self-Assembly and Characterization of Sphere-in-
Sphere. As mentioned earlier, switching from terpyridine
to pyridyl-based self-assembly allowed us to step in more
diverse 3D self-assembly. Accordingly, using naked Pd(II)
ions instead of end-capped diplatinum(II) components,
the self-assembly should form a sphere-in-sphere (S)
structure consisting of 24 ligand 1 and 24 Pd(II) based on
the elegant 3D [M,L,,] assemblies reported by Fujita and
co-workers.>>** The stability of our target sphere-in-
sphere with 96 coordination sites was expected to be im-
proved considerably compared to the 24 coordination
sites of ring-in-rings. Indeed, Fujita et al. reported a giant
sphere-in-sphere with a flexible triethylene glycol linker

Journal of the American Chemical Society

connecting two spheres.> If we assumed the design and
self-assembly of Fujita’s case was based on the exquisite
arrangement of the inner and outer donor groups, our
self-assembly with all rigid backbone emphasized the
structural integrity and required precise preorganization
of entire architecture (see the video of modeling structure
in supporting information). The entire structure is not
one continuous piece but is divided into many void
spaces. Such sophisticated 3D structures with multiple subu-
nits are reminiscent to protein tertiary structures, which con-
tain different functional domains.

Figure 5. a) 'H NMR spectra of ligand 1 (500 MHz, CDCL,,
300 K) and S with NO; as counterion (500 MHz, ds-
DMSO, 330 K). ¢, v and & are signals for CDCL,, d¢-
DMSO and D,O respectively. b) 2D DOSY (s00 MHz, ds-
DMSO0, 330 K) spectrum of S.

Self-assembly of S was performed by treating ligand 1
with an equimolar amount of PA(NO,), in ds-DMSO at 8o
°C for 12 h for direct NMR characterization (Figure 5). All
the o and B hydrogen atoms of the pyridine rings shifted
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downfield («-H, 0.97 ppm and 0.84 ppm; B-H, 1.23 ppm
and 0.83 ppm) as a result of complexation of the pyridine-
N atom with the Pd (II) center. Alkyloxy chains displayed
single set of signals indicating the formation of a discrete
product. Again, broad signals were observed in the 'H
NMR spectrum, suggesting the existence of a large as-
sembly with slow tumbling motions.>**"® DOSY spectrum
showed a single band at logD = -9.96, confirmed the for-
mation of discrete product.

8V of R1 and 10 V of R2, the 15" ions (m/z 1779.1) com-
pletely disappeared, corresponding to a center-of-mass
collision energy 0.06 eV. Due to the higher DOCS of
sphere-in-sphere, it exhibited considerably higher stabil-
ity than ring-in-rings.

a) 17 +
18+1559'616 F
+ ‘{x £]
19 +1468.1 | 1662.5 "-#xi%"
13862 | | 5
20+ \ 15+ S
13125 f 1??91
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Figure 6. a) ESI-M5 and 2D ESI-IM-MS plot (m/z vs drift
time) of S with BF,” as counterion. b). The charge states of
intact assemblies are marked.

Multidimensional mass spectrometry provided more
structural evidence supporting the proposed sphere-in-
sphere. In Figure 6, a series of peaks with continuous
charge states from 12" to 23" were detected in ESI-MS;
however, we were not able to obtain high resolution iso-
topic distribution for each charge state. This was attribut-
able to the high molecular weight (theoretical molecular
weight, 2,7991 Da), resolution limits of our instrument as
well as the encapsulation of unknown numbers of solvent
molecules in the large cavity. After deconvolution of m/z,
the measured mass of S was calculated with average of
2,7992 Da, matched well with the formula of
[sz4(C64H54N402)24]48+'48(BF4_)‘

gMS® revealed the exceptional stability of S at collision
energies ranging from 5 to 38 V (Figure 7). When the col-
lision cell reached 38 V, which is significantly higher than

Figure 7. The gradient tandem-mass spectrometry (gMS)
of § at m/z 1779.1 (15") with different collision energy.

Figure 8. a, b) TEM images of S with BF,” as counterion.

All attempts to grow X-ray-quality single crystals of S
have so far proven unsuccessful. Therefore, we carried out
TEM and AFM measurements to visualize this sphere-in-
sphere. TEM images (Figure 8) of the dried samples re-
vealed particles with a weak contrast embedded in the
thin film formed by the dried solvent. The measured size
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Figure 9. a, b) AFM 1mages of § with BF, as counterion.
¢) 3D AFM image. d) Zoom-in 3D image of the dot labeled
by red circle. e) Amplitude individual 3D AFM image of
the dot labeled by red circle. f) Statistical height histo-
gram of AFM for 129 dots. g) Representative energy-
minimized structure of S from molecular modeling. The
long alkyl chains are omitted for clarity in the molecular
modeling.
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was comparable to the theoretical diameter of 5.8 nm
from molecular modeling.

AFM imaging (Figure 9) was performed by dropping
very dilute solution on freshly cleaved mica surface. We
chose ten different areas(1000 nm x 1000 nm) and collect-
ed 129 dots to reach more accurate measured height with
an average value of 5.5 nm, which is slightly smaller than
the diameter of nanosphere by modeling (Figure 9g). We
reasoned that these spheres laid on the mica substrate by
one of the windows instead of the diameter orientation.
Due to the unavoidable tip broadening effect,25 the
measured widths of the dots are much larger than that by
TEM and the theoretical predicated diameter. Therefore
the measured heights by AFM are used to determine the
diameter. With the high resolution amplitude image, we
were able to visualize small dots on the supramolecular
surface like a golf ball with an unsmooth surface, perhaps
due to the alkyloxy chains on the outer shell. The entire
outer layer is not one continuous piece but is divided into
12 domains surrounding the inner cage.

Comparison of the Stability of 2D and 3D Assem-
blies. Regarding the distinct stability between ring-in-
ring and sphere-in-sphere, we reason that the origin of
stability difference in these structures is the redundancy
of the rings. In gMS?, if one metal-ligand bond breaks in
either inner or outer ring, the entire structure should not
fall apart. Instead, both the inner and outer ring must be
broken simultaneously. Note that if only large ring is
counted, both ring-in-rings should possess two closed
loops; while there should be eight closed loops in sphere-
in-sphere. Therefore, sphere-in-sphere exhibited higher
stability than ring-in-rings since multiple metal-ligand
bonds might be broken but without destroying the struc-
ture in gMS2.

Furthermore, we used the following formula to quanti-
tatively define and evaluate DOCS of different 2D and 3D
architectures and interpret the stability difference, i.e.,
center-of-mass collision energy obtained from gMS™
Compared to the number of closed ring, DOCS also con-
siders the size of structure.

Total Coordination Sites

bocs = Theoretical Collision Cross Section

The theoretical collision cross sections were calculated
from 100 energy-minimized structures using trajectory
method by MOBCAL as 2870, 3220, 4010 A*for R1, R2 and
S, respectively.” Both R1 and R2 have 24 coordination
sites; while S has 96 coordination sites. Based on this
formula, the DOCS for Ri, R2 and S are 0.008 site/A?
0.007 site/A?, and 0.024 site/A’, respectively. Since the
DOCS of S is three-fold of ring-in-rings’ DOCS, there is
no doubt about the enhanced stability of sphere-in-
sphere as demonstrated in gMS”. More interestingly, the
center-of-mass collision energy of S is 0.06 eV, which is
exactly three times as high as that of R1 and R2 at 0.02 eV.
Therefore, we are able to correlate the relationship be-
tween DOCS and stability of assemblies in a quantitative
manner. It is worth noting that DOCS is a very premature

ACS Paragon Plus Environment


http://pubs.acs.org/action/showImage?doi=10.1021/ja511443p&iName=master.img-060.jpg&w=239&h=602
http://pubs.acs.org/action/showImage?doi=10.1021/ja511443p&iName=master.img-060.jpg&w=239&h=602
http://pubs.acs.org/action/showImage?doi=10.1021/ja511443p&iName=master.img-060.jpg&w=239&h=602
http://pubs.acs.org/action/showImage?doi=10.1021/ja511443p&iName=master.img-060.jpg&w=239&h=602
http://pubs.acs.org/action/showImage?doi=10.1021/ja511443p&iName=master.img-060.jpg&w=239&h=602
http://pubs.acs.org/action/showImage?doi=10.1021/ja511443p&iName=master.img-060.jpg&w=239&h=602
http://pubs.acs.org/action/showImage?doi=10.1021/ja511443p&iName=master.img-060.jpg&w=239&h=602
http://pubs.acs.org/action/showImage?doi=10.1021/ja511443p&iName=master.img-060.jpg&w=239&h=602
http://pubs.acs.org/action/showImage?doi=10.1021/ja511443p&iName=master.img-060.jpg&w=239&h=602
http://pubs.acs.org/action/showImage?doi=10.1021/ja511443p&iName=master.img-060.jpg&w=239&h=602

O©CoO~NOUTA,WNPE

Journal of the American Chemical Society

concept and is mainly introduced to specifically interpret
gMS* data instead of guiding metallo-supramolecular de-
sign.

Supramolecular Gels Formed by R1 and R2. Interest-
ingly, the self-assembled hexagons R1 and R2 could form
organometallic temperature-responsive gels in some polar
solvents. The formed supramolecular gels gradually
turned into solutions upon heating, and subsequently
reformed gels as the solutions were cooled down to room
temperature. The critical gelator concentrations (CGCs)
and gel-to-solution phase-transition temperature (Ty)
values of the complexes R1 and Rz in several different
solvent systems were determined and given in Table S1
and Sz2. The morphologies of the xerogels, R1 and Rz,
were examined by both scanning electron microscopy
(SEM) and TEM. Three-dimensional (3D) networks com-
prised of entangled fibers that were responsible for the
observed gelations were observed in SEM investigation
for R1 and R2 in different solvents (Figures 10 and S41-44).
The similar interconnected porous structures were found
in TEM images, which were consistent with the discovery
in SEM studies (Figure S45, 46). If the first level assembly
is assumed as the spontaneous formation of multiple
metal-ligand bonds to generate discrete cores, hierar-
chical self-assembly should be driven by dual intermolec-
ular interactions, i.e., m-m stacking and hydrophobic in-
teractions in the second level to deliver complex materi-
als. However, no gelation behavior was observed for
sphere-in-sphere. It is worth to mention that supramo-
lecular gels, particularly organometallic gels have played
an important role in the development of soft material
science,” and this design enriched the library of supramo-
lecular metallogels herein.

Figure 10. a, d) SEM images of R1 and R2 xerogels in
DMSO. b, e) TEM images of R1 and R2 xerogels in DMSO.
c) Photograph of R1 gel formation in DMSO (left) and
DMF (right) at its CGCs. f) Photograph of R2 gel for-
mation in DMSO (left) and DMF (right) at its CGCs.

Conclusions

Inspired by the cooperative multivalent interactions ex-
tensively utilized in biological systems, we have designed
and assembled a series of 2D and 3D metallo-
supramolecules through increasing the DOCS by one tet-

ratopic pyridyl-based ligand with 180° diplatinum(II) ac-
ceptors and naked Pd(II), respectively. Compared to re-
ported supramolecular hexagons and polyhedra by ditot-
pic ligands, the self-assembly of such giant architectures
using multitopic ligands with all rigid backbone empha-
sized the structural integrity with precise preorganization
of entire architecture, and required elaborate synthetic
operations as well as extensive characterization. If we
introduce different functionality at different subunits, this
sophisticated 2D and 3D architectures may perform as
proteins with different functional domains, which can
never be achieved in regular 2D macrocycles or 3D poly-
hedrons. We reasoned that the number of closed rings
was the origin of stability difference in these structures.
We also proposed a quantitative definition for DOCS to
compare between 2D and 3D metallo-supramolecular
structures. With such definition, we were able to interpret
the stability difference between 2D and 3D architectures
obtained from gMS®. This concept can be expanded into
other types of non-covalent interaction to evaluate stabil-
ity. Moreover, the hierarchical self-assembly of 2D struc-
tures into the ordered nanostructures with gelation be-
havior will enrich the library of supramolecular metallo-
gels and play an important role in the development of soft
materials. Therefore, our future investigations are focused
on design and self-assembly of giant supramolecular ar-
chitectures with increasing complexity to enhance our
design strategy guided by DOCS and explore the potential
application, such as host-guest chemistry, template-
directed synthesis and stimuli-responsive materials.
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