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1. Introduction

Low-dimensional coordination polymers (CPs) have attracted
enormous attention due to their outstanding photophysical
properties and unique performance in the optoelectronics field.*
In particular, CPs consisting of d'° coinage metal ions with thi-
olate ligands have been considered as fundamental building units
for nanodevice technologies.” A variety of flexible, lightweight,
and portable solid-state optoelectronic devices consisting of CPs
have been proposed owing to the ease of synthesis of CPs with
high crystallinity as well as their unique photoluminescence
properties.> However, the significant challenges in CP-based thin
films should be addressed to realize CP optoelectronics by device
integration. The poor processability of CPs considerably limits
their applicability, as CP materials exhibit intrinsic instability
against a range of process parameters to form the desired shapes
and patterns.* For example, device fabrication based on the
synthesis of CPs in the reaction solution followed by fabrication of
CP-based thin films remains difficult to apply because of the
degradation of CPs during processes where the CP makes contact
with any other chemicals, such as developers and photoresist,
which include a number of chemical functionalities that damage
the CP upon contact. To address this issue, several approaches for
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formed on the polymer substrate, resulting in the formation of CP-based thin films. In addition, utilizing
a mixed metal ion-doped polymer substrate leads to the formation of mixed-metal CP-based films.

the direct fabrication of CP-based thin films have been proposed,
including the layer-by-layer approach,” a direct formation on the
functionalized substrate,® and the replication approach using
metal oxide substrates.” We have also demonstrated a simple
interfacial approach for the construction of CP crystals using
metal ion-doped polymer substrates.® Recent studies on the
development of a synthetic approach for CPs on the substrate
have proved the significance of the direct fabrication of CP-based
films, and demonstrated that it is an ideal option for a simple and
reproducible approach for assembling into CP-based devices.
However, considerable efforts have been devoted to the synthesis
of various porous CPs (PCPs) and/or metal-organic frameworks-
based films. In addition, the preparation of nonporous CP-
based films remains challenging and unexplored.

Herein, we demonstrate an interfacial synthetic approach for
fabricating CPs comprising d'® coinage metals and thiolates on
polymer substrates. In this study, we selected a [Cu(p-
SPhCOOH)],,° [Ag(p-SPhCOOH)],, and mixed-metal [Cu,Ag; _(p-
SPhCOOH)],, CPs." We employed the polyimide substrate
bearing cation-exchangeable group by hydrolyzing alkali solu-
tions for precursors and template for CP-based films (Scheme
1). The metal ion-doped polymer substrate led to the selective
formation of CPs on the surface and the construction of mixed-
metal CPs. In addition, a pattern of polymethyl methacrylate
(PMMA) photoresist on a metal ion-doped polymer substrate
was fabricated in a positive-type with vacuum ultraviolet (VUV)
light illumination," enabling the formation of CP thin films
with the desired patterns.

Results and discussion

Scanning electron microscopy (SEM) observations of the ob-
tained samples (Fig. 1A) indicated that CP crystals with a plate
shape were densely deposited on the substrate, yielding
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Scheme 1 Schematic illustration of the developed interfacial
approach for formation of [M(p-SPhCOOH)],, (M = Cu or Ag) CPs on
a substrate.

continuous CP-based films. Importantly, as seen in Fig. 1B, the
thickness of CP-based films varied with the hydrolysis time of
the substrate. It is well-known that polyimide is readily hydro-
lyzed to poly(amic acid) by treatment of an aqueous alkali
solution with high concentration.'> Longer hydrolysis times led
to a higher degree of hydrolysis, causing an increase in the
number of potassium ions in proportion to the hydrolysis time.
After ion exchange, the number of Cu®** ions was almost half
that of the potassium ions adsorbed initially, indicating that the
incorporation of the desired ions can be achieved through the
ion-exchange reaction (Fig. S1f). Under the present experi-
mental conditions (hydrolysis time: 1-5 min), the thickness of
CP-based films could be controlled in the 0.6-4.8 pm range. X-
ray diffraction (XRD) analysis of the obtained samples clearly
demonstrated the formation of [Cu(p-SPhCOOH)],, CPs (Fig. 1C
and S21); all peaks of the obtained samples were assigned to
[Cu(p-SPhCOOH)],, CP peaks (simulation) and the halo pattern
of polyimide.®® Moreover, the sharp diffraction peaks of the
obtained samples indicated that the obtained CPs consisted of
[Cu(p-SPhCOOH)],, CPs with high crystallinity. The [Cu(p-
SPhCOOH)],, CPs exhibited characteristics of ligand-to-metal
charge transfer (LMCT) and ligand-to-metal-metal charge
transfer (LMMCT).® To investigate the luminescence properties
of the obtained composite material, the film was characterized
by fluorescence spectrometry (Fig. S3t1). The luminescence
spectra of the obtained CPs on the substrate revealed that the
luminescence consisted of three peaks at approximately 425,
475, and 598 nm. Among these peaks, the two peaks observed at
shorter wavelengths are attributed to ligand emission (Fig. S47),
and the peaks around 598 nm are caused by the charge transfer
emission of the CPs. The intensity of the luminescent peaks
increased with increasing hydrolysis time, indicating that
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Fig. 1 (A) SEM images, (B) cross-sectional SEM images, and (C) XRD
patterns of the obtained samples using metal ion-doped substrate
prepared by different hydrolysis times. Scale bars: 1 um.

a larger amount of CPs was formed on the substrate. This result
was in good agreement with the cross-sectional SEM observa-
tion of the thickness of the obtained CPs on the substrate
(Fig. 1B).

To evaluate the impact of the concentration of organic
ligands on the surface morphology of the [Cu(p-SPhCOOH)],
CPs, the concentration of p-HSPhCOOH molecules was varied in
the range of 1-50 mM, while the number of adsorbed Cu** ions
was maintained constant at 1000 nmol cm ™2 (hydrolysis time =
3 min). Fig. 2 shows the surface morphologies of the samples
prepared with different ligand concentrations. When the reac-
tion was conducted at a concentration of 1 mM, samples with
a plate morphology were sparsely formed on the substrate, and
the XRD patterns clearly indicated the formation of the [Cu(p-
SPhCOOH)],, CPs. This result suggested that the concentration
of ligand molecules below 1 mM was insufficient to fabricate
densely packed CP films on the substrate. In contrast, when the
ligand concentration was set to 2 mM or higher, the SEM
images demonstrated that crystals with a plate morphology
were densely formed on the substrate. In addition, as the ligand
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Fig. 2 (A) SEM images and (B) XRD patterns of the obtained samples
prepared using different ligand concentrations. Scale bars: 1 um.
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concentration increased, the crystal size slightly decreased
(major axis = 1.8 pm, minor axis = 1.0 pm at 2 mM; major axis
= 1.7 um, minor axis = 0.5 um at 50 mM), suggesting that the
nucleation preferentially occurred in the early stage of the
reaction. From the XRD pattern of the obtained samples
(Fig. 2B), several sharp peaks were observed, and the peak
intensities of the samples obtained using higher ligand
concentrations were more pronounced. This result indicated
that a high ligand concentration could lead to the formation of
densely packed CP films on the substrate. However, the inten-
sity of the peaks of the samples prepared at a ligand concen-
tration of 50 mM was lower than that of the samples prepared at
a ligand concentration of 25 mM. Moreover, the [Cu(p-
SPhCOOH)],, CPs were also formed in the solution, implying the
optimal ligand concentration for selective CP formation on the
substrate of 25 mM in the present approach.

The present approach was also applied to construct the
[Ag(p-SPhCOOH)], CP. To form the [Ag(p-SPhCOOH)], CP, the
Ag'-doped polymer films was utilized as the substrates. SEM
images of the obtained samples showed that plate-like crystals
were formed on the substrate, resulting in the formation of CP
crystal films. In addition, XRD analysis of the obtained crystals
clearly demonstrated the formation of [Ag(p-SPhCOOH)],, crys-
tals (Fig. S51)."° The obtained crystals exhibited only ligand
emission. This result was consistent with previous report.’

Mixed-metal CP crystals can also be readily obtained in
a wide range of synthetic compositions by varying the
concentration of the metal ion dopant in the polymer
substrate. Prior to synthesizing mixed-metal CP crystals, ion-
codoped precursor films were prepared by immersing hydro-
lyzed polyimide films in an aqueous solution containing both
silver nitrate and copper nitrate at 25 °C. Quantitative analysis
of the ion-doped polymer films by inductively coupled plasma
(ICP) spectroscopy revealed that the dopant ion concentra-
tions in the polymer could be readily controlled by changing
the concentrations of the doped ions, which varied with the
initial concentrations in the aqueous solution (Fig. S61). In
addition, the total amount of doped ions increased with an
increase in the fraction of Ag ions in the solution, because Ag
ions are monovalent (Cu ions: divalent) and the incorporation
of metal ions in the polymer substrate can be achieved
through the ion-exchange of monovalent K ions with mono-
valent Ag ions in a 1:1 stoichiometric ratio. To gain insight
into the distributions of the doped metal ions in the polyimide
films, we performed energy-dispersive X-ray spectroscopy
(EDX) analysis of the obtained metal ion-doped films. The
doped Ag and Cu ions were uniformly distributed in the films
(Fig. S71). Based on these results, it was possible to system-
atically control the relative amounts and distributions of the
doped metal ions in the precursor films by adjusting the initial
ion concentrations in the aqueous solution.

SEM images of mixed-metal [Cu,Ag; ,(p-SPhCOOH)],, CP
crystals obtained by using polymers with different Ag and Cu
ion contents indicated that plate-like crystals could be obtained
(Fig. 3A). The plate-like morphology of the obtained crystals was
almost the same as that of mononuclear CP crystals. The cor-
responding XRD patterns of the mixed-metal CP crystals are
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Fig. 3 (A) SEM images and (B) XRD patterns of [Cu,Ag; x(p-
SPhCOOH)],, CPs prepared using polyimide films with different
amounts of adsorbed copper and silver ions. Scale bars: 1 um.

presented in Fig. 3B. The obtained mixed-metal [Cu,Ag; .(p-
SPhCOOH)],, CP crystals were isostructural with the mono-
nuclear [Cu(p-SPhCOOH)], and [Ag(p-SPhCOOH)], CPs. ICP
measurements were performed on the mixed-metal CP crystals
after stripping them from their substrates to determine the
composition of the obtained crystals. Their composition was
found to be consistent with that of ion-co-doped polymer
substrates, suggesting that the co-doped Cu and Ag ions were
incorporated into the mixed-metal CP crystals. This result
indicates that the composition of mixed-metal CP crystals can
be readily controlled by tuning the concentration of the co-
doped cations in the polymer substrates.

Subsequently, the patterning process based on the present
approach combined with photolithography can be applied to
achieve the site-selective growth of [Cu(p-SPhCOOH)],, CP crys-
tals. Since PMMA is known as a negative-tone resist through
VUV photolithography,'* we selected this polymer to demon-
strate direct patterning of CP crystals on the substrate. Fig. 4
shows the SEM images of the samples prepared using PMMA-
patterned ion-doped substrates. The formation of [Cu(p-
SPhCOOH)],, CP patterns on the substrate was clearly observed
without the occurrence of film cracks. A high-magnification
SEM image of the obtained samples indicated that plate-like
CP crystals formed a dense network on the substrate with no
PMMA resist, which resulted in the formation of CP patterns

Fig. 4 (A) SEM image and (B) EDX mapping of Cu element of the
patterned [Cu(p-SPhCOOH)], CP crystals on the substrate. Scale bar: 1
um.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(Fig. S8At). To verify that the formed material was indeed
a [Cu(p-SPhCOOH)],, CP, XRD analysis was performed. All the
peaks matched the simulated peaks of [Cu(p-SPhCOOH)],, CP,
indicating that the obtained patterns consisted of a [Cu(p-
SPhCOOH)],, CP with high crystallinity (Fig. S8Bt). These results
confirmed that patterns consisting of well-defined [Cu(p-
SPhCOOH)],, crystals were successfully prepared by a one-pot
approach based on in situ CP growth.

Conclusions

In summary, we presented a simple and versatile approach for
constructing d'° coinage metal ion-thiolate CPs by exploiting an
interfacial synthetic approach using metal ion-doped polymer
substrates. We found that the [Cu(p-SPhCOOH)],, CP crystals
were densely formed on the substrate, and the thickness of CP-
based films increased with an increase in the amount of doped
metal ions. We showed that the use of a mixed-metal ion-doped
polymer substrate resulted in the formation of mixed-metal CP
crystals. In addition, the composition of metal ions in CP
crystals can be controlled by adjusting the composition of the
doped metal ions in the polymer substrates. Site-selective
formation of the [Cu(p-SPhCOOH)], CP crystals can be ach-
ieved by an interfacial synthetic approach combined with
a photolithographic technique, resulting in the formation of
a CP crystal pattern. This work highlights the potential of the
construction and patterning approach for CP crystal-based
films, acting as new optoelectronic devices.
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