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Metal—-organic charge-transfer complexes based on 7,7,8,8-tetra-
cyanoquinodimethane (TCNQ) have received considerable attention
because of their unique solid-state physical properties for potential
applications in nanoscale opto-electronic devices. To address the
challenge in preparing novel metal-TCNQ (MTCNQ) nanostructures,
here we introduce a facile and efficient way for synthesizing MTCNQ,
taking Ni[TCNQI,(H,0), as an example. By finely tuning the amount of
water added into TCNQ solution, well-ordered and large-scale
patterns of NIi[TCNQI»(H,O), were successfully obtained in a
controllable manner. This facile method will not only be beneficial for
the tailored preparation of nanoscale MTCNQ complexes, but also
enrich the chemistry of TCNQ.

Introduction

Molecular materials of metal-organic charge-transfer
complexes based on 7,7,8,8-tetracyanoquinodimethane
(TCNQ), such as the charge-transfer complexes CuTCNQ and
AgTCNQ,*™ have attracted extensive attention for decades due
to their unique solid-state physical properties. For example,
CuTCNQ exhibits intriguing opto-electronic properties and
demonstrates potential applications in electrical and optical
memory devices, sensors, and magnetic devices.>™* However, it
remains a great challenge for the synthesis of novel MTCNQ
compounds and further advancing them into practical appli-
cations."™** Here, we take a charge-transfer complex based on
nickel and TCNQ as an example, introducing a facile and effi-
cient way to prepare a binary complex of Ni[TCNQ],(H,0),, and
providing new insights into the binary M[TCNQ],(S) complexes
(here M refers to the first-row transition metal (Mn, Fe, Co, Ni,
etc.) and S represents a coordinating solvent). The water-
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controlled synthesis, the characterization of the compounds
and the patterning of the nanostructures are demonstrated in
this communication.

Experimental section

TCNQ was purchased from Aldrich and re-crystallized twice
prior to use. Nickel films were deposited on glass substrates or
silicon wafers via vacuum evaporation. The substrates were
cleaned with pure water, ethanol, acetone, dilute HCI and pure
water successively before use. After nickel deposition, the
substrates were immersed into a TCNQ/acetonitrile solution,
followed by carefully adding deionized water into the solution.
Finally, the substrates were removed from the solution, gently
washed with excess acetonitrile to remove any residue TCNQ
and blown dry under a stream of N,. The products were char-
acterized by UV-Vis spectroscopy, Fourier transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), atomic force micros-
copy (AFM), etc.

Results and discussion

The generation of the target products is depicted by eqn (1). It is
noteworthy that water is requisite for the reaction to take

" N
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Fig. 1 The water controlled reaction of TCNQ on Ni in acetonitrile
solution, after keeping nickel substrates in solution for 10 minutes.
Water percent: (left) 0%, (1) 0.5%, (2) 1%, (3) 2%, (4) 3%, and (5) 5%.
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place.** As soon as water was dipped into the TCNQ acetonitrile
solution and mixed homogeneously, the solution turned dark
green as shown in Fig. 1. In fact there were two competing
processes existing in solution: TCNQ molecules reacted with Ni
and water to form products, and at the same time the generated
products decomposed into TCNQ and water again. TCNQ is
insoluble in water, but the target products are soluble. Probably
the completion of the two opposite processes made the reaction
highly sensitive to water. It was found that there was an
optimum range of the added water. As shown in Fig. 1, 2-3% of
water was the best to control the reaction. More water would be
harmful to the reaction because of the increased solubility of
the products.

NC __CN
NC>=<:>—<CN + Ni + H,0 —3> Products M

The SEM images of the products after reaction are shown in
Fig. 2, which tended to form “square columns” on nickel
substrates (Fig. 2a and b). The dashed frame area is a vivid
indication of the growth process. An individual square column
structure was examined by transmission electron microscopy
(TEM) and atomic force microscopy (AFM) as shown in Fig. 2¢
and d, respectively, suggesting both the width and thickness of
the square columns were around 400 nm. After dipping the
nickel substrate in TCNQ solution for 15 minutes, large-area
and uniform nanostructures were formed on the substrate as
shown in Fig. 2e. The chemical composition of the columns was
determined by energy-dispersive X-ray diffraction (EDX). The
EDX profile of the columns exhibited similar characteristics
with identical peaks of C, N, O and Ni elements, confirming that
the products were Ni[TCNQ],-based materials.

500 nmx

Fig. 2 (a and b) SEM images of the synthesized Ni(TCNQ),-based
material, and the dashed frame area in (a) indicates the growth process
of the hanometer-sized square columns, (c) TEM and (d) AFM images
of an individual square column, indicating that both the width and
thickness of the square columns were around 400 nm, and (e) large-
area and uniform nanostructures of “square columns” formed on
nickel substrates.
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Fig. 3 (a) UV-Vis and (b) FTIR spectra of Ni(TCNQ),-based nano-
structures, the UV-Vis was recorded at room temperature by dis-
solving Ni(TCNQ),(H,0), nanometer-sized square columns in
acetonitrile, and FTIR was performed by using pressed pellets of the
mixture of the nanostructures and KBr.

The absorption spectrum of the products is shown in Fig. 3a,
wherein the peak at ~395 nm was attributed to the neutral
Ni(TCNQ),-based material and the peak at ~742 nm was
assigned to a TCNQ anion radical of the products.***” The FTIR
spectrum of the square columns is shown in Fig. 3b. The band
at 2183 cm ! was the typical stretching mode of C=N bonds,
which exhibited lower energies than those of a neutral TCNQ
band (2224 cm™'), indicating the existence of a reduced
[TCNQ]™ radical.*® The sharp peak at 1640 cm™ " confirmed the
presence of TCNQ in a reduced state.® Significantly, the bands at
2846, 2920, and 3350 cm ' obviously belonged to the presence
of coordinated water molecules in the products of the
Ni(TCNQ),-based material.**

The Ni2p;z,, and Ni2p,,, signals from XPS characterization
suggested that Ni elements in the products were essentially
Ni**.** Moreover, the N1s orbital appeared as a single feature at
398.7 eV, indicating one type of TCNQ in the final products.'®*®
TGA data of the products suggested that the compound lost its
~7% mass at temperatures below 225 °C, which corresponded
to the molecular weight of two water molecules. When the
temperature was over 225 °C, a large mass loss occurred due to
the decomposition of the products via the loss of TCNQ.*** All
experimental evidence strongly supported the conclusion that
the synthesized products were Ni[TCNQ],(H,0),. Therefore, the
synthesis of the products could be depicted by eqn (2):

Ni + 2TCNQ + 2H,0 — Ni(TCNQ)»(H,0), (2)

This journal is © The Royal Society of Chemistry 2014
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Considering the key role of water in the growth of Ni
[TCNQ],(H,0),, the morphology of the final products can be
potentially tuned by water. Because the solubility of TCNQ in
water is rather low, when one droplet of water was added into
the TCNQ solution, it would sink down to the nickel substrate
quickly (Fig. 4a) and give rise to the reaction. The generated
products were supposed to be firstly formed at the three phase
interfaces (water/TCNQ/Ni), i.e., at the bottom of the water drop
(Fig. 4b). Indeed, Ni[TCNQ],(H,0), was found on Ni substrates
as soon as the water drops contacted the substrate (removed the
substrate quickly from the solution and checked the surface by
SEM). With the reaction on going, the growth of Ni
[TCNQ],(H,0), continued by consuming the water droplet.
Because water was the core for the growth of the nanostructures
layer-by-layer, finally flower-like structures evolved (Fig. 4c). As
shown in Fig. 4d, very beautiful flower-shaped nanostructures
of Ni[TCNQ],(H,0), were found after the complete consump-
tion of the water drop (Fig. 4d). The results confirmed (i) the
indispensable role of water in the growth of Ni[TCNQ],(H,0),
and (ii) the ability of water to tune the reaction process and the
morphologies of the final products.

It was noticed that the structures of Fig. 2 and 4 were different
which was probably due to the difference in the growth velocity of
the products. It is understandable that, as discussed above, there
were two opposite competitive processes in the solution, (i) the
generation of Ni[TCNQ],(H,0), for the crystallization of the
nanostructures and (ii) the dissolution of NiTCNQJ,(H,0), in
solution, which hindered the formation of the nanostructures.
Therefore, the final structures were a balance of the two processes,
which could be tuned easily by the reaction parameters, e.g,

a) TCNQ solution b) TCNQ solution

g £ g

Fig. 4 The generation of Ni(TCNQ),(H,O), nanostructures with the
addition of water droplets. (a) When one water drop was added into
the TCNQ solution, it would sink down to the nickel substrate quickly.
(b) The generated products were firstly formed at the bottom of the
water drop. (c and d) The growth of Ni(TCNQ),(H,0), continued by the
consumption of the water drop, finally evolved into flower-like
structures.
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Fig.5 The controllable synthesis of nanometer sized square columns of
Ni[TCNQJ>(H>0), by controlling the concentration of TCNQ (>10 mM).
(a) to (d) depict the growth processes of the square column flowers.

TCNQ concentrations. It is suggested that a high concentration of
TCNQ is beneficial for a high yield of products and the crystalli-
zation of the products for square columns. Indeed, when the
concentration of TCNQ was over 10 mM, the generated Ni
[TCNQJ,(H,0), were nanometer sized square columns (Fig. 5).
The results open the door for tuning the reaction and the product
morphology of TCNQ-based structures.

Fig. 6 Patterning of nanostructured Ni[TCNQ],(H,0), flowers on
nickel substrates by water drops, (@ and b) two kinds of beautiful
nanostructured flowers were generated by tuning the TCNQ
concentration, (a) TCNQ <5 mM and (b) TCNQ >10 mM.
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Depending on the facile tuning of the reaction process or
product morphologies by the TCNQ concentration and water
drops, it is approachable to pattern Ni[TCNQ],(H,O), nano-
structures. Interestingly, it can be realized conveniently by
dropping a series of water drops successively on nickel
substrates. Two kinds of beautiful patterns of nanoflowers were
obtained as shown in Fig. 6b (<5 mM) and Fig. 6¢ (>10 mM).
Both patterns can be patterned in a large area facilely, indi-
cating their potential application based MTCNQ nanostructures
in a large area and their further application in devices,'>" e.g.,
for water and moisture monitoring and detection as well as for
the nanobio-detection.

Finally, it is very interesting to mention that thin films of the
Ni[TCNQ]J,(H,0), nanostructures exhibited good semiconduct-
ing properties. The current increased with increasing temper-
ature, indicating the possible hopping mechanism of charge
transport through the nanostructures. The good semiconduct-
ing properties will be attractive for the application of the
material in novel semiconducting devices, such as field-effect
transistors, etc.’** More experiments on constructing elec-
tronic devices based on Ni[TCNQ],(H,0),, especially those with
single crystalline nanostructures® are underway.

Conclusions

In summary, in this communication a facile and efficient way
for synthesizing well-ordered Ni[TCNQ],(H,0), nanostructures
is introduced. By finely tuning the amount of water added into
the TCNQ solution, well-ordered and large-scale patterns of Ni
[TCNQ],(H,0), were successfully obtained in a controllable
manner. This method is believed to be applicable to various
MTCNQ nanostructures. It will not only facilitate the potential
applications of MTCNQ in nanoscale opto-electronic devices,
but also enrich the chemistry of TCNQ.
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