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Abstract
We report a novel functional bis(terpyridine)metal(II) complex coordination nanosheet (CONASH) comprising a three-
armed terpyridine ligand and  Ni2+ ion. The colourless Ni-terpyridine CONASH was synthesized by the method of interfacial 
coordination reaction at an interface of two immiscible liquids. The synthesized CONASH was characterized with various 
microscopic observations such as TEM, SEM, and AFM, and spectroscopic measurements such as XPS, IR, SEM/EDS, 
and UV–Vis spectroscopy. The bis(terpyridine)nickel(II) complex nanosheet demonstrated redox-activity stemming from 
terpyridine complexes without distinctive colour change. Thus, the bis(terpyridine)nickel(II) coordination nanosheet is a 
potential redox-active material with colourlessness and flexibility, necessary for future transparent electronics.

Keywords Coordination nanosheets · Terpyridine complexes · Electrochemistry

1 Introduction

Since the discovery of graphene [1], extensive studies have 
revealed various types of novel two-dimensional polymers 
such as transition metal dichalcogenides [2, 3], covalent 
organic frameworks [4, 5], and carbon allotropes [6–8]. 
Coordination nanosheets (CONASHs) are bottom-up-type, 
two-dimensional polymers woven through coordination 
reactions of molecular, ionic, or atomic components [9–13]. 
Due to the diversity of their chemical and physical prop-
erties arising from an infinite variety of ligand and metal 
ions, CONASHs have attracted considerable attention. Func-
tional CONASHs tethering 1,2-dithiolate and its analogues 
[14–23], carboxylate [24, 25], dipyrromethine [26, 27], and 
polypyridyl [28–37] ligands have been developed.

Among coordination nanosheets, the family of tpy-based 
CONASHs (tpy: 2,2′:6′,2″-terpyridine) has been widely 

studied because tpy enables coordination to various metal 
ions such as  Fe2+,  Co2+,  Zn2+, and  Pb2+ [28–37]. While Fe 
and Co-based terpyridine complexes are especially interest-
ing due to their distinct redox-activities, Ni(tpy)2-type coor-
dination polymers are less arrestive than their Fe or Co coun-
terparts, in spite of attractive redox-activity and catalytic 
activity of [Ni(tpy)2]2+ motifs [38, 39]. Here we introduce a 
redox-active terpyridine-based CONASH 1-Ni comprising 
a three-fold symmetric terpyridine ligand 1 (1,3,5-tris(4-(4′-
2,2′:6′,2″-terpyridyl)phenyl)benzene) and  Ni2+ ions (Fig. 1). 
While some Ni(tpy)2-based CONASHs have recently been 
explored for their catalytic activity in  CO2 reduction reac-
tions [40], electrochemistry of Ni(tpy)2-based CONASHs 
itself has not been unveiled yet. According to our knowledge, 
this is the first report of bis(terpyridine)nickel(II) complex-
based coordination polymers focusing on their appearance 
on redox activity. A colourless multilayered nanosheet film 
was obtained via a simple liquid–liquid interfacial coordina-
tion reaction, and characterized by various microscopic and 
spectroscopic techniques. We focused smooth redox behav-
iour of 1-Ni upon the oxidation of [Ni(tpy)2]2+ centres with 
charge storage of 3.6 C  cm−3, maintaining its colourless-
ness. Thus, 1-Ni is a promising redox-active, flexible, and 
colourless material, which is necessary for future transparent 
electronics [41–43].
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2  Experimental

2.1  Materials

Ligand 1 was prepared according to the method writ-
ten in the literature [44]. Ni(OAc)2·4H2O,  NiCl2, and 
2,2′:6′,2″-terpyridine were purchased from Kanto Chemi-
cal Co. Ltd. or Tokyo Chemical Inc., and used without fur-
ther purification.  CH2Cl2 and  CH3CN were purchased from 
Kanto Chemical Co., Inc., and purified with Glass Contour 
Solvent Dispersing System (Nikko Hansen & Co., Ltd.). 
Acetone, methanol, and ethanol were purchased from 
Kanto Chemical Co., Inc., and used as received. Water was 
purified with Milli-Q purification system (Merck KGaA). 
 Bu4NPF6 and  Bu4NClO4 were purchased from Tokyo 
Chemical Inc., and recrystallized from hot ethanol, then 
dried in vacuo.

2.2  Preparation of Substrates

Indium tin oxide-coated glass substrate (ITO/glass sub-
strates) were commercially available and washed under 
ultrasonication with following solvents successively: 
Acetone (HPLC grade, 5 min × 2), pure water (5 min × 2), 
detergent solution, pure water (5 min × 3), then ethanol 

(HPLC grade, 10  min × 3). Si (111) wafer (P type, B 
doped, ≤ 0.005 Ω cm, E&M Corporation) and Si(100) 
wafer (No-doped, E&M Corporation) were cut into small 
pieces, and used as a Si substrate. Quartz substrates were 
purchased from Monotech Inc., Ltd., and washed with 
fuming nitric acid before use. F-doped  SnO2-coated glass 
substrates (FTO/glass, ALLIANCE Biosystems, Inc.) were 
washed under ultrasonication with dichloromethane, etha-
nol and water successively.

2.3  Characterization

TEM measurements were carried out with Hitachi HF2000 
equipped with an AMT-CCD camera with an acceleration 
voltage of 75 kV. A suspension of the nanosheet flakes in 
 CH2Cl2 and ethanol was dropped onto a copper grid or an 
elastic carbon grid, and dried under vacuum overnight. FE-
SEM images were recorded using JEOL JSM-7400FNT 
equipped with an EDS analyser. The acceleration voltage 
was set to 15 and 4 kV for SEM observation and SEM/EDS 
mapping, respectively. Samples for the FE-SEM observation 
was prepared by depositing 1-Ni on a Si substrate. XPS was 
measured using PHI 5000 Versa Probe (ULVAC-PHI). Al 
Kα (15 kV, 25 W or 20 kV, 100 W) radiation was used as 
an X-ray source. The sample was deposited on a piece of a 
conductive carbon tape. The spectra were analysed using a 
MultiPak Software, and the binding energy was standardized 
using a C 1 s peak at 284.6 eV. In order to quantify the ele-
ment abundance of the nanosheet, [Ni(tpy)2](BF4)2·CH3OH 
was employed as a standard compound which gives atomic 
ratio of N: Ni = 6: 1. Attenuated total reflection (ATR)-IR 
spectrum was recorded using a Thermo Scientific FT-IR 
Nicolet iS50 spectrometer. 1-Ni deposited on a Si substrate 
was used and the spectrum of Si substrate was subtracted as 
a background. UV–vis spectra were obtained with a JASCO 
V570 spectrometer. AFM images were collected using an 
Agilent Technologies 5500 Scanning Probe Microscope. 
AFM was carried out using a silicon cantilever PPP-NCL 
or NCH (Nano World) in the high amplitude mode (Tapping 
Mode) under an ambient condition. The sample was pre-
pared in the same way as that for the FE-SEM measurement.

2.4  Electrochemical Measurement

A series of electrochemical measurements was conducted 
using ALS 650B, ALS 650DT, and ALS 750E electrochemi-
cal analysers. For the analysis of Ligand 1 and [Ni(tpy)2]
(BF4)2·CH3OH, a homemade glassy carbon working elec-
trode, a Pt wire counter electrode, and an  Ag+/Ag reference 
electrode (0.01 M  AgClO4 in 0.1 M  Bu4NClO4/CH3CN) 
were used. As a supporting electrolyte solution, 0.1 M 
 Bu4NPF6 solution of  CH3CN and 0.1 M  Bu4NClO4 solution 
of  CH2Cl2 were used. For the analysis of 1-Ni,  CH2Cl2 was 
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Fig. 1  Molecular structure of terpyridine ligand 1 and image of 
bis(terpyridine)nickel(II) CONASH, 1-Ni 



Journal of Inorganic and Organometallic Polymers and Materials 

1 3

dried over activated molecular sieves 4A. An ITO or FTO 
substrate modified with 1-Ni, dried under vacuum at 120 °C 
overnight, was used as a working electrode (0.478 or 0.264 
 cm2), while a Pt wire was used as a counter electrode. A 
homemade  Ag+/Ag reference electrode (0.01 M  AgClO4 in 
0.1 M  Bu4NClO4/CH3CN) was employed. As a supporting 
electrolyte solution, 1 M  Bu4NClO4 or  Bu4NPF6 solution 
in  CH2Cl2 was used. The potential was standardized using 
the redox potential of ferrocenium/ferrocene redox couple 
measured using the reference electrode mentioned above. 
Spectroelectrochemical measurement was performed using 
a homemade electrochemical cell described in the literature 
[45]. All electrochemical measurements were carried out at 
room temperature.

2.5  Preparation of 1‑Ni

A 0.1 mM solution of 1 in  CH2Cl2 was prepared by dissolv-
ing 1 mg of 1 into 10 mL of  CH2Cl2, and the solution was fil-
trated prior to use. The solution was poured into a vial with 
a diameter of 40 mm, then pure water (10 mL) was allowed 
to cover the solution of 1 to form a water/oil interface. An 
aqueous solution of Ni(OAc)2 (50 mM, 10 mL, filtrated 
before use) was then added to the water phase by slow pipet-
ting. After waiting for 3 days, 1-Ni emerged at the interface 
as a pale orange film. The aqueous layer was replaced with 
pure water, followed by removal of both organic and aqueous 
phases. Ethanol and  CH2Cl2 were added to 1-Ni resulting in 
a  CH2Cl2-ethanol mixture containing 1-Ni flakes. 1-Ni was 
then collected by filtration, and dried in vacuo.

2.6  Preparation of [Ni(tpy)2](BF4)2·CH3OH

In methanol (50  mL), 2,2′:6′,2″-terpyridine (93.5  mg, 
401  μmol) and anhydrous nickel chloride (26.7  mg, 
206 μmol) were refluxed for 1 h. After cooling the mixture 
to room temperature, excess ammonium tetrafluoroborate 
(1.017 g) was added. Resulting precipitate was collected 
by filtration and washed with methanol and diethyl ether, 
followed by drying under vacuum. Yield: 82.8 mg, 56.5%. 
Elemental analysis: found, C 51.06, H 3.45, N 11.94; calcd 
for  C30H22N6NiB2F8·CH3OH, C 50.94, H 3.59, N 11.50.

2.7  Transfer of 1‑Ni on Substrates

In order to transfer a small piece of the nanosheet onto a flat 
substrate, nanosheet flakes were re-dispersed in a mixture 
of  CH2Cl2 and ethanol. The suspension was dropped onto a 
substrate using a pipette. After the solvent was evaporated, 
the modified substrate was dried with an Ar blow. 1-Ni for 
spectroscopy and electrochemical measurements was depos-
ited onto an ITO substrate by following methods; Substrates 
were immersed into an organic phase before performing the 

liquid/liquid interfacial coordination reaction. After the 
synthesis of 1-Ni, both organic and aqueous phases were 
removed to allow the nanosheet to cover the substrate. 
The modified substrate was rinsed with  H2O, ethanol, and 
 CH2Cl2 successively and dried under Ar blow.

3  Results and Discussion

3.1  Synthesis and Characterization

1-Ni was prepared using a liquid–liquid interfacial coordi-
nation reaction that was developed for fabrication of multi-
layered CONASH films with high aspect ratios of centime-
tre-scale 2D size and sub-micrometre-scale thickness [13]. 
For 1-Ni, an aqueous solution of nickel acetate tetrahydrate 
(25 mM) was layered on a dichloromethane solution of 
ligand 1 (0.1 mM) in a glass vial with 40 mm in diameter. 
Keeping the interface calm for 3 days promoted gradual 
growth of 1-Ni covering the entire interface (Fig. 2a). The 
reaction was quenched by dilution of the aqueous phase by 
repeated removal of the aqueous solution and addition of 
pure water to the aqueous phase. After the concentration of 
 Ni2+ in the aqueous phase decreased to less than 0.1 mM, 
removal of all solvents and successive addition of pure etha-
nol gave flakes of 1-Ni floating in ethanol (Fig. S1a). Float-
ing 1-Ni is almost invisible and highly flexible. 1-Ni can be 
transferred easily onto various substrates such as Si, quartz, 
ITO/glass, FTO/glass and flexible plastic substrates. 1-Ni on 
an ITO/glass substrate looks almost colourless, so that we 
can clearly read the letters “Ni(tpy)2” printed on the paper 
located under 1-Ni-decorated ITO substrate (Fig. 2b). 1-Ni 
on a plastic is highly flexible (Fig. S1b), revealing good flex-
ibility of the nanosheet.

The morphology of 1-Ni was characterized by micros-
copy techniques. As with previously reported tpy-based 
CONASHs [32–34], 1-Ni afforded neither X-ray nor elec-
tron diffraction patterns, plausibly because of low crystal-
linity stemming from randomly located counter-anions 
 (CH3COO−), and disorder or mismatches in both in-plane 
and out-of-plane layer formation. We also tried the synthesis 
of 1-Ni from other Ni salts such as Ni(BF4)2,  NiSO4, and 
nickel(II) p-toluenesulfonate. However, none of them gave 
diffraction pattern enough to resolve their precise molecular 
structures. Thus, instead, electron and atomic force micro-
scopes were helpful to determine the morphology. The 
folded edge structure of 1-Ni in the transmission electron 
microscope (TEM) image (Fig. 2c) suggested the layered 
nanosheet-like morphology of 1-Ni. Additionally, the scan-
ning electron microscope (SEM) image of 1-Ni on a Si 
substrate reveals the flat surface of the nanosheet (Fig. 2d). 
Energy dispersive X-ray spectroscopy mapping under SEM 
observation (SEM/EDS) confirms that the observed flat film 
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contains C, N, Ni, and O, exactly the constituent elements of 
1-Ni (Fig. 2e). The atomic force microscopy (AFM) image 
of 1-Ni also demonstrates that 1-Ni is a multi-layered sheet 
240 nm thick with a flat surface (Fig. 2f), which was typical 
for polypyridyl-based CONASHs [32–34]. The thickness is 
dependent on the concentration of the metal salt used as the 
aqueous phase at the preparation. While more concentrated 
Ni(OAc)2 solution (100 mM) gave a thicker CONASH film 

with ca. 900 nm thickness, diluted solution (5 mM) gave a 
thinner nanosheet with ca. 15 nm thickness (Fig. S2a–f). 
These microscopic observations confirm the sheet morphol-
ogy of 1-Ni.

We attempted X-ray photoelectron, IR, and UV–Vis spec-
troscopy techniques to determine the chemical composition 
and structure of 1-Ni. In X-ray photoelectron spectra (XPS) 
(Fig. 3a), the N 1 s peak of 1-Ni is at 399.2 eV, which under-
went a shift to a higher binding energy region from that 
of the free terpyridine ligand 1 (397.5 eV). This peak shift 
is attributed to the decrease in electron density around N 
atoms upon the coordination to  Ni2+. This peak shift was 
also observed in XPS of previously reported bis(terpyridine)
iron(II), cobalt(II), and zinc(II) CONASHs [32, 33]. To 
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Fig. 2  Synthesis and morphology identification of 1-Ni. a 1-Ni syn-
thesized by the interfacial coordination reaction. b Photograph of 
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Fig. 3  Spectroscopic characterization of 1-Ni. a XP spectra of 1-Ni 
(blue), [Ni(tpy)2](BF4)2·CH3OH (red), and 1 (green) at N 1 s and Ni 
2p core levels. b ATR-IR spectrum of 1-Ni. Vibration peaks of C=C 
stretching and C=O stretching are marked with a red star and a green 
triangle, respectively. c UV–Vis spectrum of 1-Ni on a quartz sub-
strate (Color figure online)
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compare its spectra, a mononuclear bis(terpyridine)nickel(II) 
complex, [Ni(tpy)2](BF4)2, was synthesized as a reference 
compound. The N 1 s peak position of 1-Ni is same as that 
of [Ni(tpy)2](BF4)2 (399.2 eV), definitely proving that terpy-
ridine groups coordinate to  Ni2+ in 1-Ni. The peak of non-
coordinating nitrogen at 397.5 eV is not apparent in 1-Ni so 
that coordination proceeded with little defect less than detec-
tion limit of XPS. In addition, Ni  2p3/2 peak positions are 
855.2 eV for 1-Ni and 855.4 eV for the mononuclear com-
plex, also confirming coordination in 1-Ni. The quantitative 
analysis from the peak areas of N 1 s and Ni 2p peaks gives 
the N: Ni ratio as 6.49: 1. Taking the estimated error of XPS 
quantitative analysis (10%), the obtained elemental richness 
exhibits good agreement with that of [Ni(tpy)2]2+ (N: Ni = 6: 
1). However, considering the slight excess of nitrogen atom 
richness, the possibility of structural defects in coordina-
tion cannot be eliminated. As explained above, structural 
defects are one of the major reasons for low crystallinity 
of our Ni(tpy)2 CONASH film. Given these chemical state 
and quantitative analyses, XPS defined 1-Ni as the intended 
bis(terpyridine)nickel(II) complex nanosheet. In addition, 
attenuated total reflection infrared (ATR-IR) spectroscopy 
confirmed formation of a bis(terpyridine)nickel(II) com-
plex nanosheet (Fig. 3b). The C=C stretching mode of 1-Ni 
was detected at 1603  cm−1, which shifted by 18  cm−1 from 
1585  cm−1 for the free terpyridine ligand 1. [32] Considering 
that the coordination of terpyridine to other metal ions (Fe, 
Co, and Zn) gave the same trends in peak shifts [32, 33], this 
is clear evidence of coordination between the terpyridine 
ligand and nickel ions. Moreover, C=O stretching of acetate 
ions was observed at 1570  cm−1. According to a previous 
comprehensive study on IR spectra of acetate ions for vari-
ous coordination modes [46], the C=O stretching peak of 
1-Ni corresponds to non-coordinating acetate ion. Therefore, 
acetate ions are included in 1-Ni as counteranions. UV–Vis 
spectroscopy also confirmed the formation of Ni(tpy)2 moie-
ties. The UV–Vis spectrum of 1-Ni deposited on a quartz 
substrate shows two peaks at 346 nm and 286 nm in the 
ultraviolet region (Fig. 3c). This is similar to the UV–Vis 
spectrum of [Ni(tpy)2](BF4)2 recorded in  CH3CN (Fig. S3a). 
Thus, from the spectroscopic analyses described above, we 
conclude that a bis(terpyridine)nickel(II) diacetate-based 
CONASH film was synthesized.

3.2  Electrochemistry

Next, electrochemistry of 1-Ni was investigated. 
Bis(terpyridine)nickel(II) complex generally exhibits 
metal-centred redox behaviour based on the [Ni(tpy)2]3+/
[Ni(tpy)2]2+ redox couple and ligand-centred [Ni(tpy)2]2+/
[Ni(tpy)2]+ redox couple [47]. Indeed, [Ni(tpy)2](BF4)2 
showed a reversible redox peak at E1/2 = 1.14 V vs. fer-
rocenium/ferrocene  (Fc+/Fc) in  CH3CN with 0.1  M 

tetra-n-butylammonium hexafluorophosphate  (Bu4NPF6) 
as a supporting electrolyte (Fig. S3b). Here we focus on 
the oxidation behaviour of 1-Ni because the metal-centred 
oxidation process is intrinsically unique for 1-Ni. 1-Ni 
prepared with 25 mM Ni(OAc)2 solution (ca. 200 nm in 
thickness) was used owing to the combination of high 
capacitance and good transparency (Fig. S2g). To confirm 
the redox behaviour of 1-Ni, cyclic voltammetry was con-
ducted in dry  CH2Cl2 with 1 M  Bu4NPF6 as a supporting 
electrolyte (Fig. 4a). The difference of solvent from the 
mononuclear complex aimed to prevent contamination of 
water to the solvent. In the cyclic voltammogram obtained 
under aerobic condition, anodic current around 0.5 V vs. 
 Fc+/Fc was observed (Fig. S5). The cyclic voltammogram 
of 1-Ni showed one chemically reversible oxidation process 
at E1/2 = 1.22 V vs.  Fc+/Fc, near the limit of the potential 
window, consistent with the redox potential of the mono-
nuclear complex (Fig. S3b). The redox activity is totally 
different from that of the ligand 1, which did not exhibit a 
redox behaviour at this potential in 1 M  Bu4NPF6 in  CH2Cl2 
solution (Fig. S4). Thus, this is attributable to the metal-
centred [Ni(tpy)2]3+/[Ni(tpy)2]2+ redox couple mentioned 
above. The clearly observable redox peaks suggest that 
oxidation of [Ni(tpy)2]2+ does not accompany spin recon-
struction, while the spin-reconstructing redox couple of 
[Co(tpy)2]3+/[Co(tpy)2]2+ in a Co(tpy)2-based CONASH was 
faintly observable [32]. Thus, the S = 1 and 1/2 spin states 
are suggested for [Ni(tpy)2]2+ and [Ni(tpy)2]3+, respectively, 
which agrees well with a previous theoretical calculation 
based on density functional theory [48]. This spin-allowed 
redox reaction of the Ni(tpy)2 moieties enables fast electron 
extraction and injection of 1-Ni. The total charge related 
to this redox reaction was calculated as 2.3 ×  10−5 C from 
cyclic voltammetry. From the thickness and surface area 
of 1-Ni, the charge density stored via the redox reaction of 
1-Ni was calculated as 3.6 C  cm−3 (3.7 ×  10−5 mol  cm−3). 
From the assumption of the hexagonal model structure with 
a = b = 4.1 nm (Fig. S6a), an average interlayer distance was 
calculated as 0.91 nm. Compared to the estimated interlayer 
distances of a eclipsed AA stacking structure (1.0 nm) and 
a staggered AB stacking structure (0.4 nm) (Fig. S6b, c), 
this is reasonable as a bis(terpyridine)metal(II) CONASH. 
Chronoamperometry (Fig. 4b) demonstrated that electron 
transfer through 1-Ni was completed within 0.5 s. This quick 
response is similar to that of the Fe(tpy)2 CONASH in our 
previous study [32]. The potential-step chronoamperogram 
is highly repeatable over 100 cycles (Fig. 4c). These elec-
trochemical features suggest that 1-Ni is a good candidate as 
a redox-active, and transparent material for charge storage.

The change in appearance upon redox reaction was inves-
tigated by spectroelectrochemical measurements. UV–Vis 
spectra of 1-Ni and oxidized 1-Ni are shown in Fig. 4d. 
Upon oxidation of 1-Ni with an overpotential of + 0.2 V, 
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absorption around 400  nm increased, and re-reduction 
revived the original spectrum. Due to the intense absorp-
tion of the ITO electrode, the spectral change below 370 nm 
was unclear, but there is no spectral change at longer wave-
lengths. The spectral change was almost limited to the near 
ultraviolet region (< 450 nm), meaning that the redox reac-
tion of 1-Ni caused no significant colour change. This is 
totally different from other electrochromic bis(terpyridine)
metal(II)-type CONASHs, in which significant colour 
change accompanied redox reactions [32, 34, 37]. Thus, 1-Ni 
demonstrates unique reversible redox behaviour without any 
discernible colour change, which makes 1-Ni attractive to 
realize future colourless and transparent electronics.

4  Conclusion

We have developed a new redox-active bis(terpyridine)
metal(II) complex coordination nanosheet compris-
ing a Ni(II) metal centre. The bis(terpyridine)nickel(II) 
CONASH was synthesized via a liquid–liquid interfacial 

coordination reaction at an immiscible water-halocar-
bon interface, and was successfully characterized with 
microscopic observations and spectroscopic analyses. 
The nickel-terpyridine CONASH was redox-active on its 
Ni(tpy)2 moieties. This redox reaction caused no electro-
chromism, so that no colour change was visible to eyes. 
In summary, the bis(terpyridine)nickel coordination 
nanosheet is a redox-active material possessing flexibility 
and colourlessness.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10904- 023- 02921-4.
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