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The facile solid−solid phase transformation of TCNQ microcrystals into semiconducting and magnetic Ni[TCNQ]2-
(H2O)2 nanowire (flowerlike) architectures is achieved by reduction of TCNQ-modified electrodes in the presence
of Ni2+

(aq)-containing electrolytes. Voltammetric probing revealed that the chemically reversible TCNQ/Ni[TCNQ]2-
(H2O)2 conversion process is essentially independent of electrode material and the identity of nickel counteranion
but is significantly dependent on scan rate, Ni2+

(aq) electrolyte concentration, and the method of solid TCNQ
immobilization (drop casting or mechanical attachment). Data analyzed from cyclic voltammetric and double-potential
step chronoamperometric experiments are consistent with formation of the Ni[TCNQ]2(H2O)2 complex via a rate-
determining nucleation/growth process that involves incorporation of Ni2+

(aq) ions into the reduced TCNQ crystal
lattice at the triple phase TCNQ|electrode|electrolyte interface. The reoxidation process, which includes the conversion
of solid Ni[TCNQ]2(H2O)2 back to TCNQ0 crystals, is also controlled by nucleation/growth kinetics. The overall
redox process associated with this chemically reversible solid−solid transformation, therefore, is described by the
equation: TCNQ0

(S) + 2e- + Ni2+
(aq)+ 2 H2O h {Ni[TCNQ]2(H2O)2}(S). SEM monitoring of the changes that accompany

the TCNQ/Ni[TCNQ]2(H2O)2 transformation revealed that the morphology and crystal size of electrochemically
generated Ni[TCNQ]2(H2O)2 are substantially different from those of parent TCNQ crystals. Importantly, the morphology
of Ni[TCNQ]2(H2O)2 can be selectively manipulated to produce either 1-D/2-D nanowires or 3-D flowerlike architectures
via careful control over the experimental parameters used to accomplish the solid−solid phase interconversion
process.

Introduction

Because of their fascinating structural, electronic, optical,
and switching properties, metal-tetracyanoquinodimethane
(MTCNQ) charge-transfer complexes have generated sub-
stantial interest over the past four decades.1-13 The outcome

of wide ranging research activities, particularly for CuTCNQ,
AgTCNQ, and Group I cation (Na+, K+, Rb+, Cs+)-TCNQ
systems,13-20 is the widespread applications of TCNQ-based
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molecular materials in information storage media,21-24

organic field-effect transistors,25-27 sensors,28-31 and elec-
trochromic and magnetic devices.32-34 In recent years, much
effort has been devoted to the synthesis and fabrication of
well-controlled MTCNQ micro/nanostructures,35-38 because
their sizes and morphologies are generally believed to be
key elements in the tuning of their intrinsic chemical and
physical properties.39-41 Thus, various synthetic methods
including direct reaction of TCNQ- with metal salts, vapor
deposition of TCNQ on metal surfaces, and spontaneous
electrolysis and electrospinning, along with other photo-
chemical and electrochemical techniques, have been used
to accomplish this goal.35-38,42-48

In contrast, the conceptually related semiconducting binary
M[TCNQ]2-based materials (M) first-row transition metal)
have been far less studied.49-51 However, the recent discovery
of novel magnetic properties has motivated significant
interest because of their relevance to the field of molecule-
based solid-state chemistry.52-55 Central to these studies, the
research groups of Dunbar and Miller have developed
different synthetic methodolgies for the chemical synthesis
and characterization of different forms of these materials.
These include the hydrated M[TCNQ](H2O)2 phase, which
is of particular interest to this paper, the alcoholic M[TCNQ]-
(MeOH)2 analogue, and solvent-free M[TCNQ]2 (M ) Mn,
Fe, Co, Ni) “glassy magnets”.56-58 A persistent synthetic
obstacle that is evident from these reports is the low solubility
of these polymeric materials in most solvents, which makes
their recrystallization and purification into crystalline forms
extremely difficult. This and related problems52 have ham-
pered the investigation and potential application of the
M[TCNQ]2-based materials in magnetic and electronic
devices.

Previous work from our laboratory on the 1:1 MTCNQ
family (M ) Cu+, Group I cations)30,42,45,59-61 and, more
recently, on the binary Co[TCNQ]2(H2O)2 analogue62 has
shown that generic electrochemical techniques may be
available for facile and controllable synthesis of many classes
of Mn+[TCNQ]n charge-transfer complexes by redox-induced
solid-solid phase conversion of suitable TCNQ-modified
electrodes immersed in aqueous solution of Mn+

(aq) electro-
lytes. Furthermore, this simple approach has significantly
enhanced the understanding of the morphological and crystal
size changes that accompany the solid-solid transformation
processes along with establishing some aspects of the
mechanism that controls the relevant redox chemistry.

In this paper, we used procedures established in earlier
studies to electrochemically induce the solid-solid phase
transformation of microcrystalline TCNQ-modified elec-
trodes placed in contact with aqueous Ni2+

(aq) electrolytes
into semiconducting and magnetic Ni[TCNQ]2(H2O)2 nanow-
ire architectures. In addition to the spectroscopic (IR, Raman)
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and microscopic (SEM) characterization of the structure and
morphology of this electrosynthesized material, we also offer
new insights into mechanistic aspects of its formation.
Significantly, different morphologies of the electrochemically
produced Ni[TCNQ]2(H2O)2, including one-dimensional
(1-D) bundles, 2-D/3-D nanowires/nanorods, and 3-D flow-
erlike architectures, could be achieved by controlling the
method of electrode modification and voltammetric protocol
employed. Thus, the present study opens up new opportuni-
ties to understand the intrinsic chemical and physical
properties of the molecule-based M[TCNQ]2 family and
hence foster their application in nanoelectronic and other
devices.

Experimental Section

Materials and Synthesis of Ni[TCNQ]2(H2O)2. Analytical grade
hydrated Ni(ClO4)2·6H2O and Ni(NO3)2·6H2O, TCNQ (98%) (Al-
drich), and acetonitrile (HPLC grade, Omnisolv) were used as
received from the suppliers. Ni[TCNQ]2(H2O)2 was chemically
prepared and characterized according to procedures described by
Dunbar and co-workers.56

Electrochemistry. Aqueous electrolytes used in electrochemical
studies were prepared using water purified in a Millipore system
(resistivity 18.2 MΩ cm). Electrochemical measurements were
undertaken at 293( 2 K with an Autolab PGSTAT100 (ECO-
Chemie) workstation and a standard three-electrode cell configu-
ration. For voltammetric and potential-step experiments, glassy
carbon (GC) disk (3 mm diameter, Bioanalytical Systems), platinum
(Pt), and gold (Au) (1.6 mm diameter, Bioanalytical Systems), as
well as indium tin oxide (ITO)-coated glass (0.06-0.1 cm2 area)
with a 10 Ω/sq sheet resistance (as quoted by the manufacturer
Prazisions Glas and Optik GmbH), were used as the working
electrodes. The procedures employed for polishing these electrodes
are described elsewhere.62 The reference electrode was an aqueous
Ag/AgCl (3 M KCl, Bioanalytical Systems), and the counter
electrode was made from platinum mesh. A stream of N2 gas was
used to sparge the aqueous solutions in which chemically modified
TCNQ electrodes were placed, and a flow of this gas was
maintained above the solution during the course of electrochemical
experiments.

Electrode Modification. Immobilization of solid TCNQ onto
the surface of GC, ITO, or metal electrodes was undertaken by
either the drop casting or mechanical attachment methods.62 In the
former approach, the working electrode was dipped into a 10 mM
acetonitrile solution of TCNQ. The electrode was then removed
from the solution and hung face down. Upon evaporation of the
acetonitrile, an array of TCNQ crystals was formed. In the case of
the ITO electrode, the surface was modified by application of 10-
20 µL (1-2 × 10-7 mol) droplets of 10 mM TCNQ acetonitrile
solution over the surface. These procedures also gave rise to an
array of regularly spaced large TCNQ microcrystals with a rhombic
shape (vide infra). In the second approach of immobilization, a
small amount of TCNQ microcrystals was transferred to a piece of
weighing paper over which the electrode was rubbed, thus causing
the TCNQ nanoparticles to adhere to the electrode surface. The
mechanical attachment method leads to the immobilization of a
greater quantity of smaller TCNQ particles on the electrode surface
(vide infra).

Physical Measurements.Infrared spectroscopy (IR), scanning
electron microscopy (SEM), and energy-dispersive X-ray (EDAX)
experiments were carried out as previously described.62 Raman

spectra were obtained with a Renishaw RM 2000 Raman spec-
trograph and microscope using an 18 mW, 780 nm excitation
source.

Results and Discussion

I. Voltammetric Probing of the Redox-Induced TCNQ/
Ni[TCNQ] 2(H2O)2 Solid-Solid-Phase Transformation.
I.A. Reduction of Solid TCNQ in the Presence of Ni2+

(aq)

Electrolyte. Cyclic voltammograms obtained with TCNQ-
modified GC electrodes (via either drop casting or mechan-
ical attachment) immersed in aqueous solution containing
0.1 M Ni(NO3)2, where the potential is initially scanned in
the negative direction from 0.35 to-0.075 V vs Ag/AgCl
at a rate of 20 mV s-1, are shown in Figure 1. Despite the
inherent complexity associated with the initial cycles of
potential, after several (3-5) potential cycles, well-defined
reduction peaks (Pred) at ∼0.011 V and sharper and more
intense oxidation peaks (Pox) at 0.175 V (Figure 1a) are
detected when the drop casting method is used to immobilize

Figure 1. (a) Cyclic voltammograms obtained with a scan rate of
20 mV s-1 for the fifth cycle of the potential over the range of 0.35 to
-0.075 V at a bare surface (----) and at a drop cast TCNQ-modified
GC disk electrode in contact with 0.1 M Ni(NO3)2(aq) electrolyte, (b) with
a GC electrode modified with TCNQ via the mechanical attachment
method, and (c) for cycles 5-50 of the potential with every fifth cycle
being shown.
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TCNQ. GC-electrodes modified with TCNQ via the me-
chanical attachment method gave rise to simpler and more
reproducible cyclic voltammograms having sharp, well-
separated, symmetrical reduction and oxidation components
even in the initial potential cycles (Figure 1b). Under these
conditions, Pred appears atEp

red ) 0.025 V, and Pox has a
value forEp

ox of 0.178 V. A large peak-to-peak separation
(∆Ep ) Ep

ox - Ep
red ) 153 mV) or “inert zone” is consistent

with expectation for an assumed electrochemically irrevers-
ible TCNQ/Ni[TCNQ]2 solid-solid phase conversion gov-
erned by nucleation/growth kinetics.59,62-64 However,∆Ep

for nickel is significantly smaller than that obtained for the
TCNQ/Co[TCNQ]2(H2O)2 (226 mV)62 and other TCNQ/
MTCNQ (M ) Cu+, K+, Na+, and Cs+)42,45 solid-solid
conversions, thereby indicating that the identity of the cation
plays a crucial role in the kinetic of the redox-induced
transformation of solid TCNQ into the corresponding Mn+-
[TCNQ]n materials.

Analysis of the voltammetric data extracted from Figure
1b revealed that despite the peak width at half-height for
the reduction process (W1/2

red ) 39 mV) being drastically
larger than that of the oxidation process (W1/2

ox ) 18 mV),
the peak areas associated with this redox cycle are quanti-
tatively similar (viz., area (A) of Pred ) 1.70× 10-4 C and
that of Pox ) 1.68× 10-4 C). This behavior implies that a
high level of chemical reversibility of the TCNQ/Ni[TCNQ]2

conversion process is associated with initial cycles.
Despite the slight attenuation in peak heights with each
scan, chemical reversibility is almost maintained upon
continuous cycling of the potential over the range from 0.35
to -0.075 V. For example, for the fifth cycle in Figure 1c,
Qred ) -1.87( 0.23× 10-4 C, whereasQox ) 1.79( 0.22
× 10-4 C. Upon even more extensive cycling of the potential
(50 cycles), the peak currents continue to be reduced in
height, and the charges associated with processes Pred and
Pox decrease to-6.11 × 10-5 and 5.50 × 10-5 C,
respectively, but otherwise the principal features of the
cyclic voltammograms are retained, as illustrated in Figure
1c. This decrease in peak current heights during the course
of cycling the potential mimics the results reported for the
electrochemical conversion of TCNQ to the Co[TCNQ]2-
(H2O)2 analogue.62 Thus, this behavior is most likely caused
by a small level of dissolution of TCNQ42 or the electro-
chemically generated Ni[TCNQ]2-based material in aqueous
media.57

The detection of only one oxidation process, even after
prolonged potential-cycling experiments, indicates that only
one phase of Ni[TCNQ]2-based material is formed. This is
most likely to be Ni[TCNQ]2(H2O)2 which is the stable form
of Ni[TCNQ]2 synthesized from aqueous media.56 On the
basis of this assumption, the reactions involved in the redox-
induced chemically reversible TCNQ/Ni[TCNQ]2(H2O)2 in-
terconversion process are likely to be described by eqs 1
and 2. The inclusion of Ni2+

(aq) ions from bulk solution (eq

1) and its exclusion (eq 2) from the TCNQ/TCNQ- crystal
lattice is expected to occur more easily in the smaller
mechanically attached particles than in the considerably
larger TCNQ microcrystals produced by the drop casting
method. However, in the latter case, crystal fragmentation
into smaller particles takes place in the initial redox
sequences of the TCNQ/Ni[TCNQ]2(H2O)2 scans, as evident
by SEM images (vide infra). Thus, the differences in
immobilized TCNQ crystal sizes and morphologies probably
account for the dependence of the voltammetry on the
method of electrode modification.

Analogously to the TCNQ/Co[TCNQ]2(H2O)2 system,62

voltammetric responses for the nickel case with different
electrode materials including GC, metallic (Pt, Au), and
semiconducting (ITO) and with different Ni(II) counteranions
(e.g., ClO4

-, NO3
-, Cl-, and SO4

2-) were virtually identical.
Thus, both the electrode material and the identity of the Ni2+

counteranion do not appear to play a significant role in the
redox-induced TCNQ/Ni[TCNQ]2(H2O)2 transformation pro-
cess. However, a marked dependence on the Ni2+

(aq) con-
centration and scan rate was found.

I.B. Influence of Ni2+
(aq) Concentration. Figure 2 shows

the dependence of cyclic voltammograms obtained at a scan
rate of 10 mV s-1 for the TCNQ/Ni[TCNQ]2(H2O)2 inter-
conversion process on the concentration of Ni2+

(aq) (0.001-
1.0 M). At low Ni2+

(aq) concentration (0.001 M), both severe
broadening of the oxidation and reduction peaks and a
marked increase in the peak separation are observed. This
is attributed to the high level of uncompensated resistance
(Ru) and hence theiRu drop encountered with this low
electrolyte concentration. For this reason, quantitative analy-
sis of the voltammetric data is limited to the 0.01-1.0 M
Ni2+

(aq) concentration range.
Thermodynamically and kinetically relevant parameters30

may be derived from the reversible (ER) or midpoint (Em)
potentials (eqs 3 and 4) and the peak separation (∆Ep) (eq
5), respectively. If the over-potentials associated with the

reduction (Ep
red) and oxidation (Ep

ox) processes are equal,
thenEm will be equal toER. A plot of Em versus log [Ni2+]
(Figure S1) exhibits a slope ofS ) 34 ( 4 mV. This is
close to the value of about 30 mV,30 with n ) 2, predicted
from the 2.303RT/nF parameter of the Nernst equation. This
result implies that ohmic drop influences are small and the
activity of the reduced and oxidized solid phases are both
close to unity. The dependence of∆Ep on nickel ion

(63) Fletcher, S.; Halliday, C. S.; Gates, D.; Westcott, M.; Lwin, T.; Nelson,
G. J. Electroanal. Chem.1983, 159, 267.

(64) Suarez, M. F.; Marken, F.; Compton, R. G.; Bond, A. M.; Miao, W.;
Raston, C. L.J. Phys. Chem. B1999, 103, 5637.

2TCNQ(s,GC)+ Ni2+
(aq) + 2e- + 2H2O98

Pred

{Ni[TCNQ]2(H2O)2}(s,GC) (1)

{Ni[TCNQ]2(H2O)2}(s,GC)98
Pox

Ni2+
(aq) + 2TCNQ(s,GC)+ 2H2O + 2e- (2)

ER ) constant- 2.303RT/nF log [Ni2+] (3)

Em ) (Ep
red + Ep

ox)/2 ) constant- S log [Ni2+] (4)

∆Ep ) Ep
red - Ep

ox (5)
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concentration (Table 1, Figure S1) is probably influenced
by the ohmic potential drop, which will be very substantial,
particularly when only 0.001 M of Ni(NO3)2 is present to
act as an electrolyte. In contrast, ohmic drop effects should
be minimal for nickel concentration ofg0.1 M. Fortunately,
the Em values, which are derived as an average of (Ep

ox +
Ep

red)/2, are almost corrected foriRu drop. However, increased
W1/2 values resulting from the change in the Ni2+

(aq)

concentration from 0.1 to 1.0 M are not explicable via the
iRu drop; therefore, other mechanistic nuances that contribute
to the reduction and oxidation components must be present.

I.C. Voltammetric and Chronoamperometric Detection
of Nucleation/Growth Kinetics. (a) Scan Rate and Switch-
ing Potential Effects. Figure 3a contains representative
cyclic voltammograms obtained as a function of scan rate
(ν) for the conversion of TCNQ into the Ni[TCNQ]2(H2O)2
complex when the modified GC electrode (mechanical
attachment method) is placed in contact with 0.1 M Ni2+

(aq)

ions. TheiRu drop effects under these conditions should be
small. Inspection of the voltammetric data extracted from
these cyclic voltammograms (Table 2) demonstrates that both
Ep

red andEp°x are markedly influenced by increasing the scan
rate from 5.0 to 50 mV s-1. Thus,Ep

redshifts to more negative
by 37 mV whileEp

ox becomes more positive (29 mV shift)
over this scan rate range.W1/2 and∆Ep also are significantly
increased, butEm remains almost constant, as expected for
a thermodynamically significant parameter. The dependence
of the aforementioned voltammetric parameters on scan rate
is indicative of nucleation/growth kinetics.42,62

In principle, the nature of the nucleation/growth process
may be established by analysis of the scan rate variation of

the voltammetric peaks for both the reduction (Pred) and
oxidation (Pox) components in terms of predictions based on
theoretical models developed for 2-D nucleation/growth
mechanisms and recently applied to the KTCNQ system.65

According to these models, the generated log-log plots of
ip, W1/2, and∆Ep as a function of scan rate should be linear
and have slopes ofx, 1 - x, and 1- x, respectively, where
x is 0.6 or slightly higher.65 Indeed, with the mechanical
attachment method of electrode modification, plot of logip
and logW1/2 for processes Pred and Pox, and log∆Ep versus
log ν established linear dependencies with the estimated
slopes given in Table 3. The slopes of the log-log plots of
ip andW1/2 are in a good agreement with the predictions of
2-D phase transitions and similar to the values reported for
KTCNQ.65 The slope of the log∆Ep plot (0.17) is smaller
than the expected theoretical value (0.4) but closer to the

(65) Gomez, L.; Rodriguez-Amaro, R.Langmuir 2006, 22, 7431 and
references therein.

Figure 2. Cyclic voltammograms obtained at scan rate of 10 mV s-1 (third
cycle of potential shown) with a TCNQ-modified GC electrode (mechanical
attachment method) immersed in aqueous Ni(NO3)2(aq) electrolyte at
designated concentrations.

Table 1. Voltammetric Parametersa Obtained at a Scan Rate of 10 mV
s-1 for a TCNQ-modified GC Electrode (Mechanical Attachment
Method) Immersed in Different Concentrations of Ni(NO3)2 (aq) Solutionb

[Ni2+
(aq)]

(M)
Ep

red

(V)
W1/2

red

(mV)
Ep

ox

(V)
W1/2

ox

(mV)
Em

(V)
∆Ep

(V)

1.0 0.068 47 0.213 13 0.141 0.145
0.1 0.021 31 0.179 10 0.100 0.158
0.01 -0.029 52 0.172 32 0.072 0.201
0.001 -0.096 103 0.187 70 0.045 0.283

a Em represents the midpoint potential measured as (Ep
red + Ep

ox)/2 in
volts versus Ag/AgCl (3 M KCl);∆Ep is the peak potential separation
calculated as (Ep

ox - Ep
red). Ep

red andEp
ox are reduction and oxidation peak

potentials respectively;W1/2
red andW1/2

ox are the peak widths at half-height
for the reduction and oxidation components respectively.bVoltammetric
data were collected after 5 cycles of the potential.

Figure 3. (a) Cyclic voltammograms obtained with a TCNQ-modified
GC electrode (mechanical attachment) in contact with 0.1 M Ni(NO3)2(aq)

solution at designated scan rates. (b) Cyclic voltammograms obtained under
same conditions as in panel (a) with a scan rate of 0.020 V s-1. Fourth
cycle shown followed by the fifth cycle when the potential is switched at
the foot of the reduction wave, which induces a hystereses loop into the
voltammogram, as indicated by the arrows. (c) Cyclic voltammograms
obtained under same conditions as in b, but on the fifth cycle, the potential
is switched at the foot of the oxidation wave, as indicated by the arrows.

Table 2. Voltammetric Parameters Obtained as a Function of Scan
Rate for a TCNQ-Modified GC Electrode (Mechanical Attachment
Method) Placed in Contact with a 0.1 M Ni(NO3)2(aq) Solutiona

scan rate
(mVs-1)

Ep
red

(V)
W1/2

red

(mV)
Qred

(µC)
Ep

ox

(V)
W1/2

ox

(V)
Qox

(µC)
Em

(mV)
∆Ep

(mV)

5 0.032 29 275 0.174 11 230 103 142
10 0.021 39 244 0.181 15 210 102 160
20 0.011 48 216 0.190 19 195 101 179
30 0.005 56 197 0.196 21 182 100 191
40 -0.001 60 177 0.200 23 168 100 201
50 -0.005 66 156 0.203 26 147 99 208

a Voltammetric data collected after 3 redox cycles over the potential range
from 0.35 to-0.075 V. The symbols in headings are defined in Table 1.
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experimental value (0.1) obtained for the KTCNQ system.65

Thus, processes Pred and Pox are suggested to contain “layer-
by-layer” 2-D nucleation/growth, with the ingress of Ni2+

(aq)

ions from bulk solution onto the growing TCNQ- nuclei
being the rate-determining step. This conclusion will also
be partly supported by SEM images (vide infra) obtained
for ITO electrodes modified with TCNQ via the mechanical
attachment method. However, the anomalous∆Ep depen-
dence relative to theoretical predictions and features such
as voltammograms being a function of the state of the TCNQ
initially present suggest that the process must be more
complex than 2-D growth and might include 3-D growth as
well.

Further evidence for nucleation/growth kinetics is obtained
from cyclic voltammetric scans via observation of current
loops and maxima when the potential direction is reversed
at the foot of either the reduction (Figure 3b) or oxidation
(Figure 3c) components of the redox processes. These
phenomena are diagnostic of nucleation/growth kinetics.42

(b) Chronoamperometry. Detection of nucleation/growth
kinetics also is found by even causal inspection of double-
potential step chronoamperometric experiments.59,62-64 Re-
sults for a TCNQ-modified GC electrode (mechanical
attachment method) subjected to at least 5 cycles over the
potential range (0.35 to-0.075 V) at a scan rate of 20 mV
s-1 are presented in Figure 4. Figure 4a provides current-
time (i-t) curve obtained by initially stepping the potential
from an initial value (Ei ) 300 mV), where no faradaic
process occurs, to a more negative value (Ered ) 10 mV) to
induce reduction of TCNQ into TCNQ- and hence formation
of Ni[TCNQ]2(H2O)2 (process Pred). After 30 s, the potential
is stepped back toEox ) 190 mV to induce oxidation process
Pox. Maxima characteristic for the presence of a rate-
determining nucleation/growth process42 are detected for both
Pred and Pox, under these and related conditions (Figure 4b
and c), but are more pronounced for process Pox than Pred.

On the basis of cyclic voltammetric and chronoampero-
metric data, it is concluded that the redox-induced transfor-
mation of TCNQ microcrystals immobilized on the surface
of a GC electrode in contact with an aqueous solution of
Ni2+ ions represents a chemically reversible solid-solid
phase transformation that is governed by nucleation/growth
kinetics as previously reported for other Mn+[TCNQ]n
systems (M) Co2+, Cu+, or Group I cations;n ) 1 or
2).42,45,62

II. Spectroscopic Confirmation of Ni[TCNQ] 2(H2O)2

Formation. II.A. IR Spectroscopy. The IR spectrum of the
solid formed as a result of 10.5 potential cycles over the
range from 0.35 to-0.05 V of a TCNQ-modified GC or
ITO electrode in the presence of 0.1 M Ni2+

(aq) electrolyte
is displayed in Figure S2. Three resolved IR bands in the
ν(CtN) region at 2225, 2206, and 2179 cm-1 are in

agreement with the presence of TCNQ- anion radical
coordinated to the divalent Ni(II) ion.56,66 A single, strong
IR band at 1506 cm-1 and a sharpδ(C-H) bending band at
825 cm-1 are consistent with the presence of the TCNQ-

radical,56,57 and not the [TCNQ-TCNQ]2- σ-dimer (δ(C-
H) ≈ 802 cm-1).56 The presence of two broad IR bands at
3448 and 3375 cm-1, along with a weak band at∼1642
cm-1, suggests that the electrochemically produced material
contains coordinated water molecules62 and that the product
of reduction of solid TCNQ-modified electrodes is solid Ni-
[TCNQ]2(H2O)2. This is fully confirmed by comparison of
the IR data obtained by solid-solid conversions under
different electrolysis conditions (see Table 4) with that found
for an authentic sample of chemically synthesized Ni-
[TCNQ]2(H2O)256. In general, IR data show that conversion
of solid TCNQ microparticles into the corresponding blue

(66) Khatkale, M. S.; Devlin, J. P.J. Chem. Phys.1979, 70, 1851.

Table 3. Extracted Voltammetric Data of log-log Plots ofip, W1/2, and
∆Ep versusν over the Entire Range of the Scan Rate (5-50 mV s-1)

process/slope logip vs logν log W1/2 vs logν log ∆Ep vs logν

Pred 0.59( 0.03 0.35( 0.01 0.17( 0.01
Pox 0.52( 0.03 0.36( 0.02

Figure 4. Double-potential step chronoamperograms obtained when a GC
electrode modified with microcrystals of TCNQ (mechanical attachment)
is in contact with 0.1 M Ni(NO3)2(aq): (a) i-t transient obtained when the
potential initially is stepped fromEi ) 300 toEred ) 10 mV for 30 s to
induce reduction and then back toEox ) 190 mV to induce oxidation, (b)
i-t curves obtained under same electrode conditions as in panel a when
the potential is stepped fromEi ) 300 mV to the designated (Ered) potentials
to induce reduction and then back toEox ) 190 mV in each case to induce
oxidation, and (c)i-t curves obtained when the potential is stepped from
Ei ) 300 mV to Ered ) 10 mV to induce reduction and then back to
designated (Eox) potentials to induce oxidation. These data were collected
after 5 cycles of the potential over the range from 300 to 50 mV.

Table 4. Infrared Absorption Frequencies Obtained for
Ni[TCNQ]2(H2O)2, Prepared Chemically and Electrochemically

method of
preparation

δ(C-H)
(cm-1)

ν(CdC)
(cm-1)

ν(CtN)
(cm-1)

chemical synthesisa 823 m 1505 s 2226 s, 2207 s, 2177 m
electrolysisb 824 m 1504 s 2224 s, 2204 s, 2179 s
cyclic voltammetryc 825 m 1506 s 2225 s, 2206 s, 2179 s

a Reaction of aqueous solution of Ni(NO3)2 with LiTCNQ.56 b Bulk
electrolysis at-0.05 V for 10 min of a TCNQ-modified ITO electrode in
the presence of 0.1 M Ni(NO3)2·6H2O. c After 10.5 potential cycles over
the range from 0.3 to-0.05 V at a scan rate of 20 mV s-1 with either a
TCNQ-modified GC or ITO electrode.
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Ni[TCNQ]2(H2O)2 solid is achieved electrochemically (Table
4) using the procedures described in this study.

II.B. Raman Spectroscopy.The Raman spectra of solid
TCNQ crystals and the solid generated by electrolysis atEappl

) -0.05 V for 15 min of a TCNQ-modified ITO electrode
(drop cast) are presented in Figure 5. Clearly, the four intense
Raman vibrations obtained from TCNQ at 1207, 1454, 1602,
and 2224 cm-1 are affected by reduction to TCNQ- and
subsequent coordination to Ni(II). In particular, the band at
1454 cm-1, attributed to the CdC ring stretching mode of
TCNQ, is replaced by a new broad band at lower energy
(1382 cm-1). The red shift in this band of 72 cm-1, found
after reduction, is consistent with that expected for formation
of the hydrated Ni[TCNQ]2(H2O)2 complex and is also
similar to that reported for formation of other MTCNQ
complexes, (M) Cu, Ag, or alkali metals).66-69 This shift
confirms the presence of coordinated TCNQ- in the gener-
ated material and also the formation of the hydrated phase.
The shift of 12 cm-1 for the 2224 cm-1 band to lower energy,
along with a reduction of its intensity,69 provides an
additional Raman fingerprint for the formation of Ni-
[TCNQ]2(H2O)2.

II.C. Energy-Dispersive X-ray. EDAX elemental analysis
of solids formed at TCNQ-modified ITO electrodes by either
reductive electrolysis or cyclic voltammetry confirmed the
presence of Ni, as well as carbon and nitrogen, as expected
for the formation of Ni[TCNQ]2(H2O)2.

The combined electrochemical and spectroscopic (IR,
Raman, and EDAX) data imply that when microcrystals of
TCNQ are immobilized on the working electrode surface
(GC, Pt, Au, ITO) and then reduced in the presence of Ni2+-
(aq) electrolyte ions, only the hydrated Ni[TCNQ]2(H2O)2
phase is formed via a nucleation/growth process.

III. SEM Probing of the Morphological Changes
Associated with the Redox-Induced TCNQ/Ni[TCNQ]2-
(H2O)2 Transformation. Figure 6a shows an SEM image
of a typical rhombus-shaped crystal (40× 40 µm) of TCNQ
initially immobilized on the surface of an ITO electrode via
the drop casting method. SEM images obtained after Ni-
[TCNQ]2(H2O)2 is formed, when this TCNQ-modified ITO

electrode is placed in contact with 0.1 M aqueous solution
of Ni(NO3)2 electrolyte and then subjected to 10 min of
reductive electrolysis atEappl ) -0.05 V vs Ag/AgCl, are
provided in Figure 6b-f. During the reductive electrolysis,
the surface of the parent large-sized TCNQ crystals become
completely covered with nanosized Ni[TCNQ]2(H2O)2 crys-
tals (see for example, Figure 6b, low-magnification). High
magnification (Figure 6c and d) SEM images reveal that
these nanosized architectures consist of a network of densely
packed, 2-D/3-D nanowires/nanorods having an average
size of 500 nm to 1.0µm in length and∼50-100 nm in
diameter. Interestingly, SEM images obtained from some
regions of the ITO electrode surface (Figure 6e and f),
probably where smaller parent TCNQ crystals are initially
present, gave rise to Ni[TCNQ]2(H2O)2 nanowires having a
preferred orientation in which their tips prominently point
upward to produce “sea urchin-like” structures (see Figure
6e). Formation of Ni[TCNQ]2(H2O)2 in the form of a
nanowire/nanorod network, via reduction of TCNQ-modified
electrodes (drop cast), normally leaves the characteristic
overall rhombus shape of the parent TCNQ structure intact
provided that the parent TCNQ crystal is significantly large
and the electrolysis time sufficiently short (10 min or less).
The fact that the majority of nanowires (Figure 6b) are
preferentially derived from the growth along the surface
(edges, top and presumably base) of the large TCNQ
crystals rather than through the middle allows the basic

(67) Kamitsos, E. I.; Risen, W. M., Jr.J. Chem. Phys.1983, 79, 5808.
(68) Liu, S.-G.; Liu, Y.-Q.; Zhu, D.-B.Thin Solid Films1996, 280, 271.
(69) Ye, C.; Cao, G.; Fang, F.; Xu, H.; Xing, X.; Sun, D.; Chen, G.Micron

2005, 36, 461.

Figure 5. Raman spectra of solid TCNQ and Ni[TCNQ]2(H2O)2 formed
as a result of bulk electrolysis atEappl ) -0.05 V for 15 min when a TCNQ-
modified ITO electrode (drop cast method) is in contact with 0.1 M Ni-
(NO3)2(aq) electrolyte.

Figure 6. (a) SEM image of a single crystal of TCNQ present on a TCNQ-
modified ITO electrode prepared via the drop casting method. (b) SEM
image of Ni[TCNQ]2(H2O)2 formed by reductive electrolysis for 10 min at
-0.05 V of a crystal as shown in panel a when the TCNQ-modified ITO
electrode is immersed in 0.1 M Ni(NO3)2(aq) electrolyte. (c) Top view of
the crystal shown in image b at a higher magnification. (d-f) Ni[TCNQ]2-
(H2O)2 nanowires formed from reduction of other TCNQ crystals present
on different regions of the electrode surface.
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architecture to remain intact. From an energetic point of view,
the triple phase solid|electrode|electrolyte interface59 probably
produces the location for initial nucleation sites, which would
then preferentially grow from the base of TCNQ crystal along
the edges of the TCNQ crystal. This type of nanowire
network nucleation/growth is promoted by the semiconduct-
ing nature of the Ni[TCNQ]2(H2O)2 material,49,51 which
effectively increases the area of the electrode surface as
crystal growth extends. Thus, substantial nucleation and
growth also may occur on the top part of the TCNQ crystal
as time proceeds. Growth into the interior of large TCNQ
crystals may be restricted by theiRu drop.

Reductive electrolysis experiments at ITO surfaces modi-
fied with solid TCNQ using the mechanical attachment
method resulted in dramatically different morphologies for
both parent TCNQ (Figure 7a) and generated Ni[TCNQ]2-
(H2O)2 crystals (Figure 7b and c). As can be seen in Figure
7a, upon reductive electrolysis for 10 min, the densely packed
“thin layer” of small TCNQ particles are converted into a
compact layer of vertically aligned nanosized crystals (Figure
7b) or into bundles of needle-shaped Ni[TCNQ]2(H2O)2
structures (Figure 7c) having an average length of about 2
µm and a diameter of about 100 nm in their middle section.

SEM images obtained when mechanically attached TCNQ-
modified ITO surfaces were subjected to the conditions of
cyclic voltammetry (10.5 cycles of the potential over the
range from 0.35 to-0.05 V) and in the presence of 0.1 M
Ni2+

(aq) electrolyte also reveal the existence of a drastically
different kind of morphology for the generated Ni[TCNQ]2-
(H2O)2 crystals to that found when exhaustive reductive
electrolysis is employed to induce the transformation process.
At lower magnification (Figure 8a), solid Ni[TCNQ]2(H2O)2
material, formed under conditions of cyclic voltammetry,
exhibits relatively uniform flower-shaped architectures.
Although the majority of these structures are observed as
flowerlike aggregates, some are detected as separated single
flowerlike architectures. Analysis of the 3-D flowerlike Ni-
[TCNQ]2(H2O)2 architectures, using high-resolution images
such as those in Figure 8b and 8c, implies that each
nanoarchitecture is composed of radially oriented, tapered-
tip nanowires∼2 µm in length and∼50-100 nm in
diameter, which are probably derived from nanosized TCNQ
particles. The crystal shape (morphology) and size associated
with Ni[TCNQ]2(H2O)2 generated under cyclic voltammetric
conditions may be attributed to the progressive changes
induced by multiple occurrences of the chemically reversible
TCNQ/Ni[TCNQ]2(H2O)2 transformation. During the initial
reductive (negative) potential direction scan, TCNQ particles
(see Figure 7a) are converted into 3-D flowerlike Ni[TCNQ]2-
(H2O)2 nanowire architectures by inclusion of Ni2+

(aq) ions
from the bulk solution into the TCNQ- lattice. Reoxidation
of the reductively formed Ni[TCNQ]2(H2O)2 when the
potential is scanned in the positive direction leads to the
generation of TCNQ nanoparticles that are even smaller than
those that were initially present (see Figure 8a). Repeated
cycling of the potential ultimately leads to better defined and

more uniform sizes of very small crystals of both TCNQ
and Ni[TCNQ]2(H2O)2.

The morphology changes that accompany transformation
of Ni[TCNQ]2(H2O)2 back to TCNQ under reductive-
oxidative bulk electrolysis conditions with TCNQ-modified
ITO via mechanical attachment was also monitored via SEM.
In this situation, SEM images (Figure 9) of TCNQ obtained
after back oxidation of the blue Ni[TCNQ]2(H2O)2 material,
formed initially upon reductive electrolysis show the char-
acteristic morphology expected for TCNQ crystals, namely,
dispersed nanosized cubic/rhombus shaped yellow crystals.
This represents a significant difference to the compact layer
of TCNQ particles initially present (Figure 7a). Thus, TCNQ
crystals need to fragment and hence undergo a net decrease
in size to accommodate the different morphologies of TCNQ
and Ni[TCNQ]2(H2O)2 forms during the course of exhaustive

Figure 7. (a) SEM image of a TCNQ-modified ITO electrode (the
mechanical attachment method). (b) SEM image of Ni[TCNQ]2(H2O)2
formed by reductive electrolysis for 10 min at-0.05 V of solid TCNQ
adhered to an ITO electrode surface (mechanical attachment method) after
being placed in contact with 0.1 M Ni(NO3)2 (aq) electrolyte.
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bulk reduction-oxidation sequences. IR spectra of the solid
produced by back-oxidation revealed the characteristic bands
at 2228, 1543, and 860 cm-1 expected for TCNQ,66 thereby
confirming that regeneration of TCNQ does occur under
these conditions.

Taken together, the SEM findings clearly establish that
the morphology and crystal size of the electrochemically
produced Ni[TCNQ]2(H2O)2 material are strongly dependent
on both the method of electrode modification with solid
TCNQ (drop cast vs mechanical attachment) and on the
voltammetric technique used to induce the TCNQ/Ni-
[TCNQ]2(H2O)2 solid-solid transformation. Furthermore,
significant differences in morphologies and crystals sizes
obtained for isostructural Co[TCNQ]2(H2O)262 and Ni-
[TCNQ]2(H2O)2 complexes, under similar conditions, con-
firm that the nature of the cation controls the extent and
direction of growth in redox-based interconversion of these
nanostructured materials.

IV. Mechanistic Considerations of the TCNQ/Ni-
[TCNQ] 2(H2O)2 Transformation Process.Voltammetric,
spectroscopic, and microscopic data, when considered in
combination, demonstrate that formation of blue solid Ni-
[TCNQ]2(H2O)2 nanowires occurs via a nucleation/growth
mechanism when rhombus-shaped TCNQ crystals adhered
to an electrode surface are reduced by one-electron to the
corresponding TCNQ- radical anion in the presence of an
aqueous solution of Ni2+

(aq) ions. The overall two-electron
charge-transfer process is represented by eq 6. Because the

Ni2+
(aq) + 2e- f Ni0 reduction in aqueous media (Ep

red g
1.0 V) is more negative than both of the TCNQ0/-/2-

processes, the Ni2+
(aq) ions are most likely to be involved

only in the charge neutralization step and not in the electron-
transfer process. In the case of the TCNQ to CuTCNQ
interconversion, Cu2+

(aq) ions present in bulk solution par-
ticipate in both processes.45 Moreover, the morphology of
the electrogenerated Ni[(TCNQ]2(H2O)2 complex is highly
dependent on the method of electrode modification, that is,
the initial TCNQ crystal size and morphology, and the
necessity to accommodate the requirements of conversion
of basically rhombus-shaped TCNQ microcrystals to needle-
shaped Ni[TCNQ]2(H2O)2 nanowires that needs to occur
during the solid-solid redox based transformation.

Conclusions

Facile electrochemical approaches have been developed
to induce the chemically reversible, redox-based, solid-solid

Figure 8. SEM images at progressively higher magnifications obtained
after completion of 10.5 cycles of potential at a scan rate of 20 mV s-1

over the range from 0.35 to-0.075 V with a TCNQ-modified ITO electrode
(mechanical attachment method) in contact with 0.1 M Ni(NO3)2 (aq)

electrolyte.

Figure 9. SEM images at (a) low and (b) high magnification showing the
morphology of microcrystals of TCNQ formed after the sequence of
reductive electrolysis of a TCNQ-modified ITO electrode (mechanical
attachment method) atEappl ) -0.05 V for 10 min when it was placed in
contact with the Ni(NO3)2(aq)electrolyte to form Ni[TCNQ]2(H2O)2, followed
by oxidative back electrolysis to regenerate TCNQ atEappl ) 0.4 V for 10
min.

2[TCNQ](s,GC,ITO)+ Ni2+
(aq) + 2e- y\z

H2O

{Ni[TCNQ]2(H2O)2}(s,GC,ITO) (6)
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phase transformation of TCNQ microcrystals into nanowire/
nanorod or flowerlike architectures of the semiconducting
and magnetic Ni[TCNQ]2(H2O)2. This TCNQ/Ni[TCNQ]2-
(H2O)2 interconversion process uses the reduction of solid
TCNQ into TCNQ- as a key step followed by the incorpora-
tion of Ni2+

(aq) ions from the bulk solution into the crystal
lattice. The conversion process involves the overall transfer
of two-electron charge transfer and is governed by initial
nucleation at the triple-phase TCNQ|electrode|electrolyte
interface followed by rapid growth kinetics. The voltam-
metric behavior is independent of electrode material and
identity of Ni(II) counteranions but exhibits a marked
dependence on the method of electrode modification, as well
as on the scan rate and the concentration of the Ni2+

(aq)

electrolyte. The identity of the electrochemically generated
Ni[TCNQ]2(H2O)2 material formed by reduction of solid
TCNQ has been confirmed by IR, Raman, and EDAX
techniques. SEM images obtained for the as-prepared Ni-
[TCNQ]2(H2O)2 nanoarchitectures revealed that their mor-
phology can be manipulated to yield either needle-shaped
nanowires or flowerlike networks depending on the method
of TCNQ-surface immobilization and the voltammetric

technique employed. A potential outcome is access to
superior electrochemical routes to control the synthesis and
crystal growth of the aqueous Ni[TCNQ]2(H2O)2 complex
than provided by chemical methods.
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