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Abstract: We report a highly regular organic two-dimen-
sional assembly made of cucurbit[8]uril and aromatic units
that shows peculiar optoelectronic properties. We found
that this individual self-assembled microplate displayed a
good conductivity under forward bias but nearly no current
was detected under reverse bias along the stacking
direction. This unique phenomenon is due to the coordina-
tion assembly of cucurbit[8]uril with aromatic units and
aromatic stacking between layers. Moreover, the fluorescent
properties are maintained in the solid state. Our result
might show advantages in fabricating optoelectronic
devices and help others to design organic two-dimensional
materials with specific functions.li llPlease add an email

address for Yong Chenllll
\ J

Two-dimensional (2D) materials have attracted tremendous
attention due to their various applications in optoelectronics,
catalysis, biomedicine and so on." Organic 2D (02D) materials
have the properties of flexibility and light-weight, but the
tedious approaches in structural modification and rigorous
conditions in construction remain obstacles for their develop-
ments and applications.” Supramolecular self-assembly is a
good solution due to numerous building blocks,” precise
structural control,” and various fabricating methods.”’ Several
successful attempts in constructing supramolecular O2D have
been made, such as photoresponsive microplates formed by
organic-inorganic hybrid co-assembly,® smart organic two-
dimensional materials autonomously formed by mono-compo-
nent self-assembly,” single-layer two-dimensional honeycomb
supramolecular organic framework by multicomponent assem-
bly,® but supramolecular self-assemblies with peculiar optoe-
lectronic properties were still rarely explored.

We herein reported the construction of microplates with
optoelectronic properties. A fundamental factor for the success
in fabricating this microplate was the proper combining of a
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central phenanthroline unit with two terminal 4,4'-bipyridin-1-
ium units in compound | (Scheme 1). The linear assembly

Scheme 1. Schematic illustration of assembly formation (Inset: TEM micro-
graphs of nanosheets).

formed by CB[8] and | acted as building blocks for the
nanolayers which further stacked to large microplates
(Scheme 1).

As a typical example of the preparation, an aqueous
solution of | and CBI[8] in equal molar ratio ([CB8]=[l1=1x
107° M) was allowed to stand at 25 °C for one hour, then 20 pL
of the solution was air-dried and then subjected to transmission
electron microscopy (TEM) and scanning electron microscopy
(SEM). Highly ordered microplates with square morphology
were observed (Figure S1-2 and Scheme 1). The length of four
edges in every microplate was same, ranging from 4.1 to
11.3 um. In addition to individual microplates, stacked micro-
plates were also observed in microscopic images. These micro-
plates possessed thinner and larger border, indicating that the
molecular assembly probably proceeded though a layer-to-
layer stacking. It is noteworthy that the stacking occurred
between microplates in different size and horizontal swing
angle, indicating that every microplate was independent from
each other and could not be affected by adjacent microplates
in the processing of assembly (Figure S1c—d). This deduction
was confirmed by the observation of multilayer square
structures with clear edges using atomic force microscopy
(AFM) (Figure 1 and Figure S3a-c), and their thickness varied
from 50 to 400 nm. The fine structure showed that there
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Figure 1. Tapping-mode AFM characterisation of microplates: (a) Amplitude-
error image of microplate (Inset: cross-section profiles along the white dash
line drawn on the image); (b) phase image of microplate; (c) 3D amplitude-
error image of microplate; (d) amplitude-error image of zoomed c image; (e)
cross-section profiles along the white dash line drawn on the image of ¢; (f)
cross-section profiles along the white dash line drawn on the image of d;
Samples were prepared from aqueous solution of I/CB[8] by dropping the
solution on a sheet mica substrate, air-dried at 25°C ([CB8]=[l]=1x10"°> M).
Note: images of (a), (b) and (c) were obtained in different areas of the
sample.

existed a number of concentric shale-like arrays on the surface
of multilayer square structure, and the average thickness of an
individual layer (1.68 +0.01 nm, Figure 1f) was slightly less than
the outer diameter of a CB[8] ring (1.75nm).” That was
probably due to the tight stacking between layers. Moreover,
the height of centre (ca. 1261 nm) was higher than that of
boarder (ca. 754+1 nm) of multilayer square structure with a
degressive tendency (Figure 1e).

To explore the possible assembly mode of microplate, the
binding of CB[8] with I in aqueous solution was investigated by
'H NMR and UV/Vis spectroscopy. In the 'H NMR titration
experiment, the obvious upfield shifts of H,, (—0.95 ppm) and
H, (—0.40 ppm) as well as the slight downfield shifts of Hy
(0.17 ppm) of a reference compound V was observed in the
presence of CBI[8] (Figure S6). Moreover, V gave the clear 2:1
binding stoichiometry with CB[8], and thus the binding
constant between V and CB[8] could be calculated as 1.2x
10" M2 (Figure S7). These indicated that the CB[8] cavity could
strongly bind two V molecules. Interestingly, the Job's plot of |,
which possesses two V units, and CB[8] gave a 1:1 binding
stoichiometry, referring to either a 2:2 or a n:n intermolecular
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binding mode between | and CB[8] (Figure. S5). 2D 'H NMR
diffusion-ordered spectrum (DOSY) of I/CB[8] system in D,O
(ICB8]=[l1=1x10"* M) presented the nearly identical diffusion
coefficient (D) as 2.5x10®m?s™" (Figure S9), indicating that
only one type of complex was formed in solution. Judging from
the large size (464 nm) of 1/CB[8] system from DLS (Figure 3c),
we excluded the 2:2 binding mode, thus the I/CB[8] system
should adopted an intermolecular n:n binding mode in
solution to form linear supramolecular polymers (Figure S5b). It
is noteworthy that the powder X-ray diffraction (XRD) pattern
of I/CB[8] microplates showed the clear and sharp (001)
diffraction peaks referring to layer spacing of the microplate
(Figure. 2a). The characteristic reflections at 20=5.17°, d=
17.08 A (001), 20=10.35°, d=8.54 A (002), 20=15.56°, d=
5.69 A (003), 20=26.11°, d=3.41 A (005), and 20=31.47°, d=
2.84 A (006) were assigned to the layer spacing of the micro-
plate, which was in good agreement with the average thickness
of an individual layer of 1.68 nm (16.8 A) obtained by AFM
(Figures 2d, f, and Figure 1d, f). Moreover, the characteristic
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Figure 2. (a) XRD pattern of microplates. Samples were prepared from
aqueous solution of I/CB[8] by dropping the solution on a glass sheet
substrate, air-dried at 25°C ([CB8]=[l]=1x10"° M). The red line is
experimental data, black line is simulated data based on the crystal structure
of CB[8]. (b) Dynamic light scattering (DLS) spectrum of I/CB[8] in aqueous
(I1=[CB8]=1x10"* M in aqueous after filtration by 0.8 um filter; 25°C;
elapsed time: 5 min; angle: 90 degree). (c, e) crystal structure of CB[8] view
in different directions."” (d, f) Schematic representations of the microplates
based on XRD data.

reflections of XRD fitted well with simulated XRD data based on
the reported crystal of CB[8] (Figure 2a)."®" The distances
between two lattice planes were 16.97 A, which matched well
with the XRD data of microplates of 17.08 A (Figure 2c and 2e).
The CB[8] might arranged into one dimensional macrocycle
nanotubes and further into honeycomb framework. As there
were only layer spacing of the microplate, we further
conducted the grazing-incidence XRD to uncover the assembly
in plane. Unfortunately, there were no new peaks occurred,
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which indicated that there might be some defects within layer.
Although the available data did not allow us to confirm, a
reasonable assembly mechanism of microplate may be as
follow: firstly, the building blocks | and CB[8] assembled to
linear supramolecular polymers through the intermolecular n:n
binding; secondly, various linear supramolecular polymers
integrated together to form a signal layer; thirdly, the next layer
grew from the centre to the four borders on the surface of last
layer to form the large square nanostructures.

Significantly, the square nanostructures exhibited the fasci-
nating photoelectric properties. Laser scanning confocal micro-
scopy experiments (LSCM, A,=405nm) showed that the
square nanostructures emitted the bright and homogeneous
green fluorescence (Figure 3a-c). Photophysical properties
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Figure 3. (a) XRD pattern of microplates. Samples were prepared from
aqueous solution of I/CB[8] by dropping the solution on a glass sheet
substrate, air-dried at 25°C ([CB8]=[l1=1x 10" M). The red line was
experimental data, black line was simulated data based on the crystal
structure of CB[8]. (b) Dynamic Light Scattering (DLS) spectrum of I/CB[8] in
aqueous ([l1=[CB8]=1x10"* M in aqueous after filtration by 0.8 um filter;
25°C; elapsed time: 5 min; angle: 90 degree). (c, e) crystal structure of CB[8]
view in different direction.” (d, f) Schematic representations of the
microplates based on XRD data.

were then investigated by Fluorescence spectroscopy both in
solution and solid. The aqueous of | displayed weak
fluorescence, however, 41-fold enhanced fluorescence intensity
was observed after addition of CB[8] to form as-confirmed
linear supramolecular polymers (Figure 3e). To gain an insight
into the reason of the fluorescence behaviors, its UV-Vis
absorption spectra were examined by addition of CBI[8] (Fig-
ure S4). The clear isoabsorptive point and new absorption band
of 360-450 nm indicated the formation of new species.
Considering the restricting effect of CB[8], this distinct bath-
ochromic shift most probably arose from the coplanarisation of
I induced by binding, leading to a better conjugation between
its phenanthroline unit and terminal 4,4-bipyridin-1-ium uni-
ts.?! The enhancement of emission and bathochromic shift of
absorption spectra as described was the prototypical properties
of aggregation-induced emission (AIE) effect."®'"¥ The absolute
quantum yield of 1/CB[8] was 8.4% in the solid state, which was

ChemNanoMat 2019, 5, 1-5 www.chemnanomat.org

CHEMNANOMAT

nearly 4-fold higher than that of | (2.2%) (Table S1). This
because the restriction of | beared was more serious in
nanoplates, thus I/CB[8] exhibited an stronger AIE effect in
solid.

As molecules with a highly planar aromatic structure were
benefited to charge transportation in the solid state,"™ the
conductivity of microplates were measured. Interestingly, the
microplates displayed a good conductivity under forward bias
but nearly no current had been detected under reverse bias
along the vertical direction (Figure 4a-c). A possible mechanism
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Figure 4. AFM images and |-V curve of the ambipolar semiconducting
characteristics along the different directions. Contact-mode AFM amplitude-
error images (a), conducting images under forward bias (b) and reverse bias
(c) along the vertical direction, and |-V curve of the assemblies along the
horizontal direction (d).

for this conductivity may be that the microplates could be
regarded as an organic conducting charge-transfer (CT) system
composed by binary I/CB[8] systems, in which phenanthroline
units acted as donors (D) and 4,4’-bipyridin-1-ium moieties as
acceptor (A). The donor and acceptor molecules alternated
along the stacking directions in which m-electrons overlapped
and electrons transferred between D and A molecules, thus the
charge transport was most favorable along the stacking
direction."”” As gaining effective ambipolar performance in one
material without the utilizing of asymmetric was possible,"® the
ambipolar transportation might arise from the small bandgap
of the semiconductor despite of the absence of asymmetric
contacts. To study the conductivity of the microplates along the
horizontal direction, the microplates were prepared on gold
electrodes. Nearly no ambipolar transportation could be
observed on this direction, the breakdown voltage was
—11.16 V and dead voltage was 7.50V (Figure 4d). This was
reasonable as | had a symmetrical structure. The current
transportation along this direction had same circumstances.
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In conclusion, a new 02D material was fabricated through
multilevel supramolecular assembly and displayed peculiar
optoelectronic properties by coordination assembly of cucurbit
[8Juril with aromatic units and aromatic stacking between
layers. The formation of assembly endowed this O2D material
41-fold fluorescence emission enhancement and anisotropic
electrical properties. This work not only offered a completely
understanding of self-assembly mechanism for the formation of
highly regular microplates, but also provided a rapid and facile
method to fabricate optoelectronic 02D nanomaterials.
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A coordinated response: A highly
regular organic two-dimensional
assembly made of cucurbit[8]uril and
aromatic units exhibits peculiar opto-
electronic properties. This phenom-
enon is due to the coordination
assembly of cucurbit[8]uril with
aromatic units and aromatic stacking
between layers.
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