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Bottom-up fabrication of semiconducting 2D
coordination nanosheets for versatile bioimaging
and photodetecting applicationst
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Guangze Han, Kang Jiang, Dong Li, "2 Anlian Pan2* and Qunhong Weng ‘2 *

2D coordination nanosheets (CONASHSs) have gained considerable attention due to their highly flexible
structures, which favor tailoring band gaps and optical and optoelectrical properties of the materials.
The development of this type of 2D materials may generate advanced core materials used in electronic
and optoelectronic devices. In this study, for the first time, we report the synthesis of a free-standing
CONASH from a two-armed ligand and Zn via simple liquid—liquid interfacial reactions. The 2D structure
was achieved by a rational design through incorporating cyanostilbene functionality into the ligand,
which not only assisted in the side-by-side self-assembly of 1D polymers through hydrogen bonds but
also endowed excellent photophysical characteristics. The as-synthesized nanosheets exhibited
semiconducting properties with an optical band gap of 1.66 eV and strong yellow photoluminescence,
which were found to label the lysosomes of mouse 4T1 cells with high brightness, specificity, and
photostability. Furthermore, photodetectors fabricated based on the CONASH showed excellent
photodetecting properties in a wide visible light region with the detectivity up to 6.09 x 10 Jones and
quick responses. This study should motivate the future engineering of diversifying 2D CONASHs based
on nonclassical two-arm building blocks with adjustable structural and band properties for broad optical,
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Introduction

2D materials have numerous unique properties and are com-
patible with current microelectronic fabrication techniques
and standards, thus may have enormous potential to impact
the fields of microelectronics, optoelectronics, flexible devices,
and so on." There is a great deal of surge in the development of
2D nanosheets in recent years. For example, as the representa-
tive 2D nanosheet, graphene was found to have excellent charge
mobility, mechanical strength, and flexibility, and has been
widely explored for scientific and technological applications.*”
However, the zero-band-gap property limits its broad applications,
which in turn has stimulated researchers to look out for other
alternative 2D nanosheets with open band gaps, such as 2D metal
oxides,*® hexagonal boron nitrides,”® 2D transition-metal chalco-
genides (TMDCs),">"" and many others. These new members of
the 2D nanosheet family have also exhibited some of the pursuing
properties and functionalities, including photoluminescence,”
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electrical, and optoelectrical applications.

magnetism,”” and semiconductivity."> To prepare the 2D
materials, a common strategy is based on the chemical or
mechanical exfoliation of their bulk-layered materials, ie.,
top-down approach.'**?

Among the 2D materials, CONASH is a type of new intri-
guing member, which has started to attract attention."®"” They
are featured by the coordination of alternating organic ligands
and metal centres, which can be constructed via either top-
down'® or a bottom-up strategy.'®>° The tremendous library of
organic building blocks and available metal ions offers excellent
opportunities to tailor the structures and band properties,
thereby broadening their applications, particularly in electronic,
optical, and optoelectronic fields. The top-down method is
featured by its wide applicability in the preparation of various
2D materials but faces the problems of low efficiency, high cost,
and difficulty in thickness and size controls for the products. In
contrast, the bottom-up strategy provides a more controllable,
scalable, and efficient route to construct 2D materials.

In this field, a series of 2D CONASHs have been developed
via a bottom-up route with tailor-made functionalities, which were
explored for applications in electrochromism,>* electrocatalysis,
photoelectric conversions,”® and sodium storage.'” Nishihara
et al. synthesized CONASHs with a redox-modulated electrical
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conductivity property.”* Higuchi et al. employed the bottom-up
approach and synthesized numerous novel 2D CONASHs with
phenanthrolinyl or bipyridyl-metal ion complex structures as
potential electrochromic materials, which had short response
time, high switching stabilities, and coloration efficiencies.>>"*
Through designing a porphyrin-Zn CONASH structure,
Sakamoto et al. evaluated its photoelectric conversion perfor-
mances and demonstrated a much-improved photoresponse that
covered the whole visible region (400-650 nm) with a high
quantum efficiency.>” Very recently, Arora et al. fabricated free-
standing semiconducting 2D MOF nanosheets [Fe;(THT),(NH,);]
via a bottom-up technique, which had high mobility and a small
bandgap of 0.45 eV that achieved a broad-band photodetecting
covering the wavelength from 400 nm to 1575 nm. The specific
detectivity of the fabricated devices reached up to 7 x 10° Jones
with a response time of =2 s under the 785 nm light
illumination.”® Moreover, Liu and Wéll reported the synthesis
of porphyrin-based MOFs by the liquid-phase epitaxial growth,
which exhibited superior photophysical properties because of
the presence of an indirect bandgap.”® Furthermore, some
other interesting functionalities of CONASHs containing the
bis(dithiolene)metal(n)** and bis(terpyridine)metal(n)** complex
motifs were also demonstrated, leading to the design of attractive
2D materials towards important optical, electrical and optoelectrical
applications.

In this study, we report the bottom-up synthesis of a novel
semiconducting 2Tpy-Zn CONASH via liquid-liquid interface
reactions by a two-arm cyanostilbene-containing bisterpyridine
ligand and ZnSO, (Scheme 1). The choice of bisterpyridine
(2Tpy) as a coordination fragment is due to its ability to form
numerous coordination linkages with a variety of transition
metals towards the design of a supramolecular assembly.?>7*
The introduction of a cyano motif into the coordination ligand
not only favors the generation of a first 2D CONASH structure via
the CN---H hydrogen bond driving the self-assembly but also
boosts the photoluminescence properties of the materials.>*”
To the best of our knowledge, this strategy of fabricating 2D
CONASHs from a two-arm 2Tpy motif by an interphase-assisted
“bottom-up” approach is the first example of such design and
thus would unlock its potential as a building block towards vast
arrays of 2D sheets. The as-prepared CONASHs showed a signifi-
cantly reduced optical bandgap of 1.66 eV compared with the
pristine ligand and exhibited strong and stable yellow photo-
luminescence with the internal quantum yield of 15.4%.
CONASH nanoparticles can target and label the lysosomes of
the 4T1 cells with high brightness, specificity, and photostability.
More interestingly, the sheets were found to have excellent
detectivity and sensitivity in the detection of lights across a broad

Scheme 1 Chemical structures of 2Tpy ligand and the CONASH of 2Tpy-Zn.
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visible light region. Such documented optical and optoelectrical
properties of the designed CONASHSs will intrigue future develop-
ments of band-gap adjustable semiconducting 2D materials.

Results and discussion

The 2Tpy-Zn CONASH was synthesized via a simple interfacial
bottom-up growth with thin yellowish membranes obtained at
the liquid-liquid interfacial region, which can be transferred onto
various substrates for microscopic and spectroscopic investigations.
The optical and SEM images of the 2Tpy-Zn CONASH on the Si
wafer confirm the formation of a continuous and smooth sheet-like
morphology with a lateral size over 0.1 mm (Fig. 1a and b). The TEM
analysis reveals the amorphous feature of the obtained 2Tpy-Zn
CONASH (Fig. 1c). Furthermore, the thickness of the sheets on the
SiO, substrate is around 90 nm, as shown in the AFM image and the
corresponding height profile (Fig. 1d). Elemental mapping (SEM/
EDS) results in Fig. 1e confirm the presence of C, N, S, O, and Zn
elements, and their homogeneous distributions in the nanosheet
except for oxygen. The enriched O distributions in the sheet edge
regions may be caused by the adsorptions of water during the
growth.

The coordination structure of the obtained 2Tpy-Zn CONASH
was determined by XPS and FTIR spectroscopy. XPS survey (Fig. 2)
gives both chemical compositions and bonding states of the
nanosheets. The result reveals that the atomic ratios for Zn:N:S
is 1:3.08:0.76, which is close to the theoretical stoichiometry for
the SO,>~ bridged coordination structure (Zn-O-SO,-O-Zn), as
shown in Scheme 1. The binding energy of N1s shifts to a higher
value (399.4 eV) in the spectrum compared with the pristine
structure (398.7 eV, Fig. S6, ESIt), suggesting the successful
formation of coordination between the Tpy moiety and Zn".
The shoulder peak at 398.6 eV at Nis is originated from the
C=N moiety in the cyan group. Furthermore, the S2p core level
spectrum features the low binding energy at 167.8 €V compared
with the SO, moiety that usually appears at 169.0 eV,*® which is
likely caused by the bridging architecture in the nanosheets and
is in close agreement with the reported value.*' For further
clarification, FTIR spectroscopy was performed and the results
supported the bridging coordination via the Zn,(p1-0,SO,),(Tpy)s
motif in the nanosheet, which exhibited a characteristic vibration
peak at 1114 cm ' assigned to the v; mode of SO, with

Fig. 1 Structural characterizations of 2Tpy-Zn CONASH. (a) Optical image
(b) SEM image, and (c) TEM image of the formed 2Tpy-Zn CONASH. (d)
AFM image and height profile of the nanosheet. (e) Elemental mapping of
C, N, O, S and Zn elements for the 2Tpy-Zn CONASH.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XPS spectra (a) survey. (b) N1s. (c) Zn2p and (d) S2p core levels.

additional peaks cantered at 1250 cm™ ' and 1014 cm ' arising
from the change in the symmetry of SO,>" structure (see ESI}
Fig. $5).*° Such bridging coordination motif of Zn,(1-0,S0,),(Tpy),
has been also reported in the previous studies.*>**

The optical properties of the as-prepared nanosheet were
studied via UV-Vis-NIR and photoluminescence spectroscopies
on quartz substrates. The yellowish 2Tpy-Zn CONASHs formed at
the interfacial regions exhibit strong yellow photoluminescence
under UV light irradiation (Fig. 3a-d). As shown in Fig. 3e, the
2Tpy ligand has strong absorptions mainly in the UV range with
the onset absorption at ~ 500 nm. After coordination with Zn>",
an enormous red shift of the absorption onset in the 2Tpy-Zn
spectrum occurs at =750 nm. The calculated optical bandgap for
CONASH is 1.66 eV (Fig. 3f), which is comparable with those of
small-bandgap monolayered transition-metal dichalcogenides
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Fig. 3 Optical properties of 2Tpy-Zn CONASH. (a—d) Photographs of the
2Tpy-Zn CONASH thin layer grown at the liquid/liquid interface and
transferred to a quartz substrate. (@ and c) are under day light, while
(b and d) are taken under UV irradiation. (e) UV-Vis spectra of 2Tpy-Zn
nanosheets and 2Tpy ligand. (f) Tauc plot of the CONASH. (g) Photo-
luminescence spectra of the nanosheets and the pristine ligand.
(h) Photostability measurement of the sheet under the irradiation of
JAex = 400 nm and recorded at a time interval of 10 s.
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(TMDCs), such as MoSe, (1.57 eV) and WSe, (1.67 eV).** This
suggests that the coordination of Zn** to the 2Tpy ligand is
essential for the visible-light absorption properties and remark-
ably reduced bandgap of CONASH. The observed absorptions in
the emerging higher wavelength region of the 2Tpy-Zn CONASH
are assignable to the ligand-based intermolecular charge transfer
effects, which usually have lower absorbance than the c-c* and
n-m* transitions of the ligand structure.’*°

Moreover, the PL emission spectra (Fig. 3g) of the coordinated
structure red-shifted from 472 nm to 589 nm compared with the
pristine ligand, which further signifies the successful accomplish-
ment of the coordination assembly between the ligand and Zn*'.
We further investigated the photostability of the nanosheets as a
function of irradiation time at /., = 400 nm, as shown in Fig. 3h.
The PL intensity has shown negligible intensity loss after exposure
to one-hour irradiation, which highlights the remarkable
capability of CONASH against photobleaching. This impressive
photostability is critical for optoelectrical, bioimaging, and
other optic-related applications. The absolute quantum yields
(@) of the 2Tpy-Zn CONASH membrane and aqueous suspension
were determined to be 15.4% and 9.8%, respectively.

The morphology of the 2Tpy-Zn CONASH membrane could
be tuned into nanoparticles (NPs) after the sonication treatment
of the material in DMSO. TEM image characterization shows that
the average particle size is around 12 nm (Fig. 4a and b). In order
to evaluate the application prospects of 2Tpy-Zn in bioimaging,
cytotoxicity test was performed by the MTT assay in 4T1 cells. The
results in Fig. 4c show that after 24 hours of culture at a
concentration of 25 pg mL™?, the cell viability is about 94%;
when the concentration was increased to 200 pg mL™", the cell
viability slightly reduced to about 85%, indicating that 2Tpy-Zn
has very low cytotoxicity and good biocompatibility. Moreover,
COANSH NPs in DMSO exhibit excellent photostability without
any prominent intensity changes over one hour, as shown in
ESL* Fig. S7.

Taking advantage of the excellent photoluminescence properties
of the designed 2Tpy-Zn CONASH NPs, we explored the
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Fig. 4 Live cell imaging of 2Tpy-Zn CONASH NPs. (a) TEM image of
2Tpy-Zn CONASH NPs. (b) Size distribution profile of the nanoparticles.
(c) MTT assay of the sample in 4T1 cells for 24 h. (d and e) Bright-field
microscopic and corresponding fluorescence (1gx = 350 nm) images of the
4T1 cells labelled with CONASH NPs. (f) Photostability tests of 2Tpy-Zn
NPs (igx = 350 nm) with the comparison of commercially available
LysoTracker (Zgx = 540 nm).
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potential applications of the material for live cell imaging. For
this purpose, the cells were incubated with 2Tpy-Zn NPs for
30 min. As shown in Fig. 4d and e, CONASH NPs exhibit good
capability towards cellular internalizations and the intaken NPs
show bright blue fluorescence at UV excitations (1gx = 350 nm).
Even at an ultralow concentration of 1.57 ug mL ™", the fluores-
cence labelling for the cells is still clearly visible, as shown in
Fig. S8 (ESI) c,. This should be attributed to the high quantum
yield of the 2Tpy-Zn structure. Moreover, the co-localization
experiment shown in Fig. S9 (ESIt) reveals the clear lysosome-
targeting and labelling behaviors of 2Tpy-Zn NPs. In addition,
under continuous and intensive UV irradiation (1g, = 350 nm),
2Tpy-Zn NPs show much enhanced photostabilities in live cell
imaging, which hold 83% (after 60 s) or 43% (after 600 s)
fluorescence intensity compared with only ~10% retention
after 45s irradiation for the commercially available LysoTracker
(Fig. S10, ESIt). These findings guide the potential applications
of such 2D CONASH NPs for live cell imaging and lysosome
labelling. In addition, we also performed the cell imaging of the
normal cell line (HEK 293T), and the result shows good imaging
capability of CONASH NPs (Fig. S11, ESIY).

The semiconducting properties of the designed 2Tpy-Zn
CONASH make it possible for optoelectrical applications. The
CONASH membrane was then employed as the core material
for photodetectors; their photoswitching behaviors were tested
under the lights/dark cycles at 450 nm, 550 nm, and 633 nm
(Fig. 5a—-c). Photoresponse is one of the crucial parameters for the
photodetectors. Here, very efficient and persistent responses to
light are detected without any noticeable deterioration during
exposures to the different light irradiations, demonstrating the
stable and reproducible performances of the CONASH-based
photodetector in the wide wavelength window. The characteristics
of current-voltage (I-V) curves (Fig. 5d) at 450 nm demonstrate the
significant enhancement of the photocurrent along with the
increase in the illumination intensity. Moreover, the photocurrent
measurements at varied voltages show a rapid increase in the
generation of current, demonstrating the smooth working
operation of the CONASH-based photodetectors (Fig. S12, ESIT).
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Fig. 5 Photodetecting performances of 2Tpy-Zn CONASH. Photoswitch-
ing behavior of the photodetector under irradiations of (a) 450 nm at
662.08 MW cm™2. (b) 550 nm at 346.96 mW cm~2 and (c) 633 nm at
372.42 mW cm™2, respectively. The applied bias V4 in (a—c) are 40 V. (d) I-V
profiles at different light power densities of 450 nm wavelength. (e) Plot of
detectivity vs. power density at 450 nm irradiation. (f) Rise and fall time profile
of the photodetector at 450 nm irradiation.
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Besides, responsivity and detectivity are other key parameters
for the evaluation of the performances of photodetectors.
The maximum responsivity of the device using the equation
R = Iy/(P x A) was found to be 13 mA W' at the wavelength of
450 nm and the bias voltage of 40 V (Fig. S13, ESIf). The
detectivity was calculated to be 6.09 x 10'' Jones at 40 V
(Fig. 5e). As depicted in Fig. 5f, a short rise and decay time of
60 and 63 ms were recorded, respectively, which implies an
outstanding on-off behavior of the fabricated CONASH-based
photodetector. In comparison with reported MOF-, COF-, and
coordination polymer-based photodetectors, the present photo-
detector can not only work in a broad spectral region but also shows
advantages in detectivity and quick response (Table S1, ESIt).

Conclusions

In summary, we have fabricated a novel 2Tpy-Zn CONASH by
coordination of a cyanostilbene-functionalized diprotic terpyr-
idine ligand with Zn ions via a simple liquid-liquid interface
reaction. Unlike other CONASHs that are commonly based on
three-way coordination modes, the present structure represents
the first CONASH constructed by a two-way terpyridine-based
motif, opening a new door for 2D material fabrication.
The designed 2Tpy-Zn CONASH exhibited semiconducting
properties with an optical band gap of 1.66 eV as well as strong
photoluminescence emissions at 589 nm with a quantum yield
of 15.4%. These properties make the 2Tpy-Zn CONASH promis-
ing for live-cell imaging and optoelectrical applications. When
applied for live-cell imaging, the cytocompatible CONASH NPs
have the capability to specifically label the lysosomes of mouse
4T1 cells with bright blue luminescence and high photostability.
Besides, the fabricated photodetectors based on the 2Tpy-Zn
CONASH can efficiently detect lights across a wide visible light
region (450, 550, and 633 nm) with high detectivity and quick
response. This study should inspire novel 2D CONASH designs
and future band engineering towards versatile optical, opto-
electrical, and biomedical applications.

Experimental section/methods
Material synthesis

2Tpy was synthesized by three-step reactions with a total yield of
60% and was fully characterized via comprehensive analytical
methods, including NMR, matrix-assisted laser desorption ioniza-
tion time-of-flight mass spectrometry (MALDI-TOF MS), FTIR
spectroscopy (see details in S1-S5 Sections of ESIt). The 2Tpy-Zn
CONASH was synthesized via a simple bottom-up liquid-liquid
interfacial growth, which hosted bilayers of ZnSO,-H,O (10 mM) in
water (top layer) and Tpy ligand (0.1 mM) in dichloromethane
(bottom layer), respectively, in a 50 mL beaker at ambient condi-
tions. It is noted that the ligand and zinc salt solutions are needed
to be filtered prior to use. The solutions were allowed to stand for
one day for the nanosheet growth. The nanosheets were washed
thoroughly by water and dichloromethane and transferred onto
numerous substrates for tests. 2Tpy-Zn NPs were prepared by

© 2021 The Author(s). Published by the Royal Society of Chemistry
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dispersing the 2Tpy-Zn CONASH layer in DMSO, followed by
sonication for 30 min and collected the supernate by centrifugation
at 11 000 rpm for 10 min.

Characterizations of materials

"H NMR spectra were recorded on a Bruker Ascend 600M
instrument (600 MHz) at room temperature using trifluoroacetic
acid (TFA) as the solvent and tetramethyl-silane as the reference.
Matrix-assisted laser desorption ionization time-of-flight mass
(MALDI-TOF) spectrometry was conducted on a AB SCIEX MALDI-
TOF 5800 mass spectrometer. Solid UV-Vis spectra were recorded on
a Schimadzu-2600 UV-vis-NIR spectrophotometer. Luminescence
excitation and emission spectra were recorded using a FP-8500
fluorescence spectrophotometer (Jasco, Japan) at room temperature
by placing samples on quartz plates. SEM coupled with EDS (MIRA3
LMH from TESCAN) was performed for the material morphological
and composition analysis. TEM images were recorded on a JEOL
JEM 2010 microscope. AFM studies were conducted under the
tapping mode on a Veeco Digital Instruments multimode scanning
probe microscope with a Nanoscope III controller. FTIR tests were
conducted on a Bruker Vertex 70 in the range of 4000-400 cm™ .
XPS spectra were recorded on a Thermo Scientific K-Alpha. Optical
micrograph and fluorescence images were recorded using a Motic
Moticam 2506 and Motic AE31E-EF-INW system, respectively.

Live cell imaging

The mouse 4T1 cells were sowed on 96-well plates in which the
density was controlled to be about 5 x 10° cells per well. When the
cells were completely attached, the 2Tpy-Zn suspension at different
concentrations was added to the cell wells (10 pL per well). After
culturing in an incubator for another 30 min, the culture medium
in every well was removed and washed with Dulbecco’s Phosphate
Buffered Saline (DPBS) three times. Subsequently, the 4T1 cells were
imaged via fluorescence microscopy. To determine the distribution
of 2Tpy-Zn in cells, a co-localization experiment of 2Tpy-Zn and
commercial dye (Lyso-Tracker Red, Ag, = 500-577 nm, /g, = 590 nm,
Beyotime) were carried out. To evaluate the photostability of the
2Tpy-Zn NPs in cells, the cells were continuously irradiated with a
high-power UV (1g = 350 nm, P = 150 W) for a certain time interval
and analysed the changes in the fluorescence intensity. In addition,
the fluorescence intensity change of commercial Lyso-Tracker Red
under 540 nm irradiation (P = 150 W) was also recorded and used
for comparisons.

Photodetector fabrications and tests

The 2Tpy-Zn nanosheets were transferred to quartz substrates
for the device fabrication. A photolithographic mask was placed
on the substrate and fixed. Next, 10 nm Cr and 50 nm Au were
deposited on the material surfaces through thermal evaporations
as the source and drain electrodes with the channel length and
width of ~477 um and ~50 pum length, respectively.
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