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The facile solid—solid phase transformation of TCNQ microcrystals into semiconducting and magnetic NifTCNQJ,-
(H20), nanowire (flowerlike) architectures is achieved by reduction of TCNQ-modified electrodes in the presence
of Ni?*q-containing electrolytes. Voltammetric probing revealed that the chemically reversible TCNQ/NI[TCNQ].-
(H20), conversion process is essentially independent of electrode material and the identity of nickel counteranion
but is significantly dependent on scan rate, Ni**,q 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[TCNQJ,(H.0O), complex via a rate-
determining nucleation/growth process that involves incorporation of Ni?* g 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],(H20), back to TCNQP 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: TCNQCs) + 2e™ + Ni#*z+ 2 H,0 == { Ni[TCNQIo(H20)2} (s)- SEM monitoring of the changes that accompany
the TCNQ/NI[TCNQ],(H20), transformation revealed that the morphology and crystal size of electrochemically
generated Ni[TCNQ],(H.0), are substantially different from those of parent TCNQ crystals. Importantly, the morphology
of Ni[TCNQ]2(H20), 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 of wide ranging research activities, particularly for CUTCNQ,
AgTCNQ, and Group | cation (NaK*, Rb", Cs")—TCNQ

Because of their fascinating structural, electronic, optical, systemd32is the widespread applications of TCNQ-based

and switching properties, metatetracyanoquinodimethane
(MTCNQ) charge-transfer complexes have generated sub
stantial interest over the past four decatiéd The outcome
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molecular materials in information storage methig?
organic field-effect transistof8;?” sensorg®-3! and elec-
trochromic and magnetic devic&3* In recent years, much

In contrast, the conceptually related semiconducting binary
M[TCNQ].-based materials (M first-row transition metal)
have been far less studiétd>! However, the recent discovery

effort has been devoted to the synthesis and fabrication ofof novel magnetic properties has motivated significant

well-controlled MTCNQ micro/nanostructurés 8 because

interest because of their relevance to the field of molecule-

their sizes and morphologies are generally believed to bebased solid-state chemisft3/>® Central to these studies, the
key elements in the tuning of their intrinsic chemical and research groups of Dunbar and Miller have developed
physical propertie®> ! Thus, various synthetic methods different synthetic methodolgies for the chemical synthesis

including direct reaction of TCNQwith metal salts, vapor

and characterization of different forms of these materials.

deposition of TCNQ on metal surfaces, and spontaneousThese include the hydrated M[TCNQIJ{#). phase, which

electrolysis and electrospinning, along with other photo-

is of particular interest to this paper, the alcoholic M[TCNQ]-

chemical and electrochemical techniques, have been usedMeOH), analogue, and solvent-free M[TCNGM = Mn,

to accomplish this god&f 384248
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Fe, Co, Ni) “glassy magnet$® 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 problePAsrave ham-
pered the investigation and potential application of the
M[TCNQ].-based materials in magnetic and electronic
devices.

Previous work from our laboratory on the 1:1 MTCNQ
family (M = Cu’, Group | cationsf+?455961 and, more
recently, on the binary Co[TCN@H:0). analogu€ has
shown that generic electrochemical techniques may be
available for facile and controllable synthesis of many classes
of M"[TCNQ], charge-transfer complexes by redox-induced
solid—solid phase conversion of suitable TCNQ-modified
electrodes immersed in aqueous solution &f i, electro-
lytes. Furthermore, this simple approach has significantly
enhanced the understanding of the morphological and crystal
size changes that accompany the sebdlid 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 sel&blid phase
transformation of microcrystalline TCNQ-modified elec-
trodes placed in contact with aqueous i, electrolytes
into semiconducting and magnetic Ni[TCN{].0), hanow-
ire architectures. In addition to the spectroscopic (IR, Raman)
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and microscopic (SEM) characterization of the structure and 4
morphology of this electrosynthesized material, we also offer 3l
new insights into mechanistic aspects of its formation. .|
Significantly, different morphologies of the electrochemically .
produced NIi[TCNQJ(H20),, including one-dimensional é '
(1-D) bundles, 2-D/3-D nanowires/nanorods, and 3-D flow- oF
erlike architectures, could be achieved by controlling the al
method of electrode modification and voltammetric protocol 2l . . . . .
employed. Thus, the present study opens up new opportuni- ©1 00 01 02 03 04
ties to understand the intrinsic chemical and physical EMvs AgihgCt
properties of the molecule-based M[TCNQhmily and
hence foster their application in nanoelectronic and other 150
devices. ol ® P,
Mechanical attachment
Experimental Section "
Materials and Synthesis of Ni[TCNQL(H20),. Analytical grade é
hydrated Ni(CIQ)»6H,0 and Ni(NQ)»6H,0, TCNQ (98%) (Al- oF
drich), and acetonitrile (HPLC grade, Omnisolv) were used as sl V —
received from the suppliers. Ni[TCNgH,O), was chemically P,
prepared and characterized according to procedures described by 0.1 00 01 02 03 0.4
Dunbar and co-workers. E/[V] vs AglAgCl
Electrochemistry. Aqueous electrolytes used in electrochemical
studies were prepared using water purified in a Millipore system
(resistivity 18.2 M2 cm). Electrochemical measurements were 150
undertaken at 293 2 K with an Autolab PGSTAT100 (ECO-
Chemie) workstation and a standard three-electrode cell configu- 100 |
ration. For voltammetric and potential-step experiments, glassy
carbon (GC) disk (3 mm diameter, Bioanalytical Systems), platinum E sor
(Pt), and gold (Au) (1.6 mm diameter, Bioanalytical Systems), as ol
well as indium tin oxide (ITO)-coated glass (0-06.1 cn? area)
with a 10 Q/sq sheet resistance (as quoted by the manufacturer sl
Prazisions Glas and Optik GmbH), were used as the working . AN . .
electrodes. The procedures employed for polishing these electrodes -01 00 01 0.2 03 04
E/[V] vs Ag/AgCI

are described elsewhef€The reference electrode was an aqueous ‘ ‘ ‘
Ag/AgCl (3 M KCI, Bioanalytical Systems), and the counter Figure 1. (a) Cyclic voltammograms obtained with a scan rate of

. 0 mV st for the fifth cycle of the potential over the range of 0.35 to
electrode was made from platinum mesh. A stream pjas was —0.075 V at a bare surface (----) and at a drop cast TCNQ-modified

used to sparge the aqueous solutions in which chemically modified gc gisk electrode in contact with 0.1 M Ni(Nfaq lectrolyte, (b) with
TCNQ electrodes were placed, and a flow of this gas was a GC electrode modified with TCNQ via the mechanical attachment
maintained above the solution during the course of electrochemical method, and (c) for cycles-50 of the potential with every fifth cycle
experiments. being shown.

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 metffddshe
former approach, the working electrode was dipped into a 10 mM
acetonitrile solution of TCNQ. The electrode was then removed Results and Discussion
from the solution and hung face down. Upon evaporation of the
acetonitrile, an array of TCNQ crystals was formed. In the case of  |. Voltammetric Probing of the Redox-Induced TCNQ/
the ITO electrode, the surface was modified by application 6f 10  Ni[TCNQ] 2(H2.0), Solid—Solid-Phase Transformation.

20 uL (1-2 x 1077 mol) droplets of 10 mM TCNQ acetonitrile  |.A. Reduction of Solid TCNQ in the Presence of Ni* 5
solution over the surface. These procedures also gave rise to arglectrolyte. Cyclic voltammograms obtained with TCNQ-
array of regularly spaced large TCNQ microcrystals with a rhombic qdified GC electrodes (via either drop casting or mechan-
shape (vide infra). In the second approach of immobilization, a oo 5itachment) immersed in aqueous solution containing
small amount of TCNQ microcrystals was transferred to a piece of 0.1 M Ni(NO),, where the potential is initially scanned in

weighing paper over which the electrode was rubbed, thus causing . - .
the TCNQ nanopatrticles to adhere to the electrode surface. Thethe negative direction from 0.35 @0'975 Vs Ag/AgCI
at a rate of 20 mV g, are shown in Figure 1. Despite the

mechanical attachment method leads to the immobilization of a X . ) o
greater quantity of smaller TCNQ particles on the electrode surface inherent complexity associated with the initial cycles of
(vide infra). potential, after several {5) potential cycles, well-defined
Physical Measurementslinfrared spectroscopy (IR), scanning reduction peaks (R) at ~0.011 V and sharper and more
electron microscopy (SEM), and energy-dispersive X-ray (EDAX) intense oxidation peaks {} at 0.175 V (Figure la) are
experiments were carried out as previously descrfBeéfaman detected when the drop casting method is used to immobilize

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

4130 Inorganic Chemistry, Vol. 46, No. 10, 2007
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TCNQ. GC-electrodes modified with TCNQ via the me- ot _ Pred

chanical attachment method gave rise to simpler and more? 1 CNQsee) T NI™ o+ 2€ 4 2H,0—

reproducible cyclic voltammograms having sharp, well- o {NITCNQI(H0)} s oc) (1)
separated, symmetrical reduction and oxidation components{ Ni[TCNQ],(H,0),} (S,Gc)i
even in the initial potential cycles (Figure 1b). Under these P _
conditions, Rq appears aE,*? = 0.025 V, and & has a NI*" @ T 2TCNQ 6¢) T 2H,0 + 2¢ (2)
value forE,>* of 0.178 V. A large peak-to-peak separation _ )
(AE, = E;> — E°¢= 153 mV) or “inert zone” is consistent 1) qnd Its exclusion (eq 2) from the TCNQ/TCN(@rystaI
with expectation for an assumed electrochemically irrevers- lattice is expected to occur more easily in the smaller

ible TCNQ/NI[TCNQ] solid—solid phase conversion gov- mechanically atjcached particles than in the considera}bly
emed by nucleation/growth kinetié&%25¢ However, AE, larger TCNQ microcrystals produced by the drop casting

for nickel is significantly smaller than that obtained for the method. However., in the latter case, .crystal frﬁgme”‘aﬂon
TCNQ/CO[TCNQB(H:0), (226 mVf2 and other TCNQ/ into smaller particles takes place in the initial redox
MTCNQ (M = Cu*, K*, Na', and C&)*245 solid—solid sequences of the TCNQINi[TCNQ[HZO)z scans, as evident_

conversions, thereby indicating that the identity of the cation by SEM images (vide infra). Thus, the differences in

plays a crucial role in the kinetic of the redox-induced 'MMobilized TCNQ crystal sizes and morphologies probably
transformation of solid TCNQ into the corresponding™

account for the dependence of the voltammetry on the
TCNOI. materials. method of electrode modification.

[ Qr Analogously to the TCNQ/Co[TCNQ@H20), systent?
voltammetric responses for the nickel case with different
electrode materials including GC, metallic (Pt, Au), and

Analysis of the voltammetric data extracted from Figure
1b revealed that despite the peak width at half-height for

the reduction process\yz¢ = 39 mV) being drastically : . 2 . .
L ox — semiconducting (ITO) and with different Ni(ll) counteranions
larger than that of the oxidation proce&; [ 18 mV), (e... CIO-, NOs-, CI-, and SGP-) were virtually identical.

the peak areas associated with this redox cycle are quanti- . . . .
tatively similar (viz., aread) of Peq= 1.70 x 10 C and Thus, both the electrode material and the identity of ttfé Ni

_ . o counteranion do not appear to play a significant role in the
that of Bx = 1.68 x 10~# C). This behavior implies that a . ; .
high level of chemical reversibility of the TCNQ/NI[TCN@] L‘z"s‘;x;:‘g”ze‘i:i'\'m(?; T;Efﬁ?‘?;?@; tg:”j;":géa“qgg;‘_"
conversion process is associated with initial cycles. - rlowever, P ()

Despite the slight attenuation in peak heights with each centration and scan rate was found.

oy . .
scan, chemical reversibility is almost maintained upon thé.iéln;wggﬁfeocf)fl\g c(l?g)\i)cl)tr:;?rr:gatrlgpﬁg?ti;?nizh;gsscan
continuous cycling of the potential over the range from 0.35 b y 9

to —0.075 V. For example, for the fifth cycle in Figure 1c rate of 10 mV s for the TCNQ/NI[TCNQK(H:0), inter-
Q d_' —187+023x 104C wherea€,, = 1.79-+ 0.22 ' conversion process on the concentration &f ) (0.001—
red — . . i ox — L. . . .
x 1074 C. Upon even more extensive cycling of the potential L.OM). Al low Ni* ag) concentration (0'001.M)’ both severe
(50 cycles), the peak currents continue to be reduced in broadening of the oxidation and reduction peaks and a

height, and the charges associated with processgail marked increase in the peak separation are observed. This
P décrease to—6.11 x 105 and 5 58 <« 105 C is attributed to the high level of uncompensated resistance
ox . . ,

respectively, but otherwise the principal features of the Sa%z:tz)rlld ehfgﬁfe;?rzlggndrggr ;?g?gg;irned lﬁg':it;rt]il\?e lngal 5
cyclic voltammograms are retained, as illustrated in Figure Yt ' - y

1c. This decrease in peak current heights during the courseSIS of the voltammetric data is limited to the 0:01.0 M

. .
of cycling the potential mimics the results reported for the NI*' g COncentration range.

electrochemical conversion of TCNQ to the Co[TCNQ] Thermodynamlcally and klnetlgally relevant pa_\raméférs
(H20), analogué? Thus, this behavior is most likely caused mozi)énk:illder;vedsfg)ﬂ Tearnec\l/?r:ilblgg)koreméll?apomt Eg)
by a small level of dissolution of TCN® or the electro- P lals (egs ) P separatidn)((eq

chemically generated Ni[TCN@pased material in aqueous 5), respectively. If the over-potentials associated with the

media®’ _ 2+

The detection of only one oxidation process, even after Er = constant- 2.30RTnF log [Ni*’] 3)
prolonged potential-cycling experiments, indicates that only E,= (Epred+ E,”)/2 = constant- Slog INi*]  (4)
one phase of Ni[TCNQ}based material is formed. This is
most likely to be Ni[TCNQ}(H,0), which is the stable form AE,= Ep“sd - E” (5)

of Ni[TCNQ], synthesized from aqueous meéfizOn the
basis of this assumption, the reactions involved in the redox- reduction E,*% and oxidation E,°) processes are equal,
induced chemically reversible TCNQ/Ni[TCNgH-O), in- thenE, will be equal toEg. A plot of En, versus log [Nit]
terconversion process are likely to be described by egs 1(Figure S1) exhibits a slope & = 34 + 4 mV. This is
and 2. The inclusion of N g ions from bulk solution (eq  close to the value of about 30 m¥with n = 2, predicted
from the 2.30RT/nF parameter of the Nernst equation. This
(63) Fletcher, S.; Halliday, C. S.; Gates, D.; Westcott, M.; Lwin, T.; Nelson, result implies that ohmic drop influences are small and the
©. ). Electroanal. Cheml98j 158, 267. activity of the reduced and oxidized solid phases are both

(64) Suarez, M. F.; Marken, F.; Compton, R. G.; Bond, A. M.; Miao, W.; ) ; .
Raston, C. LJ. Phys. Chem. B999 103 5637. close to unity. The dependence &fE, on nickel ion
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100
T 20f (a L mvs”
8o INi{I), M) : @ 5
—10
60 —_01 100
40 —0.01 -
g ——0.001 i
S 20} * of
1] 8
20} -100 -
40F, R . . . \ 21 00 o1 02 03 0.4
0.1 0.0 0.1 0.2 0.3 0.4 E/V] vs Ag/AgCl
E/[V] vs Ag/AgCI
Figure 2. Cyclic voltammograms obtained at scan rate of 10 m¥/(hird 80 1580
cycle of potential shown) with a TCNQ-modified GC electrode (mechanical
attachment method) immersed in aqueous Ni{N@, electrolyte at sot (b) ol ©
designated concentrations.
404
Table 1. Voltammetric Parametet©btained at a Scan Rate of 10 mV g 3 50
s1 for a TCNQ-modified GC Electrode (Mechanical Attachment S 5
Method) Immersed in Different Concentrations of Ni(jJ©(aq) Solutior? o o
[N i 2+ (aq)] Epred Wl / 2red Epox Wl / 20>< Em A Ep — -
(M) V) (mV) V) (mV) V) V) 20t 50l
1.0 0.068 47 0213 13 0141 0145 01 00 01 0z 03 01 00 01 0z 03
0.1 0.021 31 0.179 10 0.100  0.158 EI[V] vs AglAgC E/V] vs AgfAgCl
0.01 —0.029 52 0172 32 0072 0201 Figure 3. (a) Cyclic voltammograms obtained with a TCNQ-modified
0.001  —0.096 103 0.187 70 0045 0.283  GC electrode (mechanical attachment) in contact with 0.1 M NiM&)

solution at designated scan rates. (b) Cyclic voltammograms obtained under
same conditions as in panel (a) with a scan rate of 0.020% FBourth

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.

2 En represents the midpoint potential measured&BEq(+ E,)/2 in
volts versus Ag/AgCl (3 M KCI);AE, is the peak potential separation
calculated asH,>* — Eg9). Ey*dandE,> are reduction and oxidation peak
potentials respectivelyy2ed andWy,°% are the peak widths at half-height
for the reduction and oxidation components respectiv@dhpltammetric
data were collected after 5 cycles of the potential.

Concemratifm (Tab|f:-' 1, Figure181) i.S probably inf|Uen?ed Table 2. Voltammetric Parameters Obtained as a Function of Scan
by the ohmic potential drop, which will be very substantial, Rate for a TCNQ-Modified GC Electrode (Mechanical Attachment

particularly when only 0.001 M of Ni(Ng), is present to Method) Placed in Contact with a 0.1 M Ni(NJ2(aq) Solutior?
act as an electrolyte. In contrast, ohmic drop effects should scan [alue Efed  Wyd® Qed E™* Wi Qo Em  AE
be minimal for nickel concentration af0.1 M. Fortunately, (Mvs9) M (MV) @ M ) @< mv) mv)

the En values, which are derived as an average®f(+ 13 8-832>i gg Zi g-gi % ﬁg igg i‘é%
re ( i ' :

E,°9/2, are almost c_orrected fdR, drop. Howeyer, mcrea_sed 20 0011 48 216 0190 19 195 101 179

Wi, values resulting from the change in the 2Nig 30 0.005 56 197 0196 21 182 100 191

concentration from 0.1 to 1.0 M are not explicable via the 40 ~ —0001 60 177 0200 23 168 100 201

iR, drop; therefore, other mechanistic nuances that contribute 50 ~0005 66 156 0203 26 147 99 208

to the reduction and oxidation components must be present. aVoltammetric data collected after 3 redox (_:ycles over the po_tential range
1.C. Voltammetric and Chronoamperometric Detection from 0.35 to—0.075 V. The symbols in headings are defined in Table 1.
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
(v) for the conversion of TCNQ into the Ni[TCNQH20).
complex when the modified GC electrode (mechanica
attachment method) is placed in contact with 0.1 MR
ions. TheiR, drop effects under these conditions should be
small. Inspection of the voltammetric data extracted from
these cyclic voltammograms (Table 2) demonstrates that both
EpedandE,°* are markedly influenced by increasing the scan
rate from 5.0 to 50 mV§. Thus,E,*?shifts to more negative
by 37 mV while E,°* becomes more positive (29 mV shift)
over this scan rate rangéh,, andAE, also are significantly

the voltammetric peaks for both the reductionegdPand
oxidation (RBx) components in terms of predictions based on
theoretical models developed for 2-D nucleation/growth
| mechanisms and recently applied to the KTCNQ system.
According to these models, the generated-tmy plots of

ip, Wio, andAE; as a function of scan rate should be linear
and have slopes of 1 — x, and 1— x, respectively, where

x is 0.6 or slightly highef® Indeed, with the mechanical
attachment method of electrode modification, plot of ipg
and logWy, for processes & and Ry, and logAE, versus
log v established linear dependencies with the estimated
slopes given in Table 3. The slopes of the+tdgg plots of

ip andWiy, are in a good agreement with the predictions of

increased, buE, remains almost constant, as expected for 5D oh - d simil h | df
a thermodynamically significant parameter. The dependence” phase transitions and simifar to the va ues reported for
KTCNQ - The slope of the log\E; plot (0.17) is smaller

of the aforementioned voltammetric parameters on scan rateth n ted th ical val 0.4) but ol  th
is indicative of nucleation/growth kineti¢3$2 an the expected theoretical value (0.4) but closer to the

In prmmple,.the nature of the nucleation/growth ProCess (g5) Gomez, L.; Rodriguez-Amaro, R.angmuir 2006 22, 7431 and
may be established by analysis of the scan rate variation of  references therein.
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Table 3. Extracted Voltammetric Data of legog Plots ofi,, Wi/, and 150
AE, versusy over the Entire Range of the Scan Rate-f® mV s'1) @)
100 L

process/slope  logvslogy logWizvslogy  log AEp vs logy

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

E, =190 mV

experimental value (0.1) obtained for the KTCNQ sysfém.
Thus, processesdzand By are suggested to contain “layer-
by-layer” 2-D nucleation/growth, with the ingress ofNjg)

ions from bulk solution onto the growing TCNQnhuclei

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 anomalas, 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 %

-50

well. _ ) o ) 10 12 14 16 18 20 30 45 50 55 60 65
Further evidence for nucleation/growth kinetics is obtained Time/fs] Timel[s]

from cyclic voltammetric scans via observation of current Figure 4. Double-potential step chronoamperograms obtained when a GC

; ; ; ; ; electrode modified with microcrystals of TCNQ (mechanical attachment)
loops and maxima when the potential direction is reversed is in contact with 0.1 M Ni(NQ)2@qy (a) i—t transient obtained when the

at the foot of either the reduction (Figure 3b) or oxidation potential initially is stepped fronE = 300 to Ereq = 10 mV for 30 s to
(Figure 3c) components of the redox processes. Theseinduce reduction and then backax = 190 mV to induce oxidation, (b)

; ; ; ; i—t curves obtained under same electrode conditions as in panel a when
phenomena are dlagnostlc of nUCIeatlon/grOWth kinefics. the potential is stepped frofy = 300 mV to the designatedq) potentials

(b) Chronoamperometry. Detection of nucleation/growth  to induce reduction and then backEg, = 190 mV in each case to induce
kinetics also is found by even causal inspection of double- oxidation, and (c)—t curves obtained when the potential is stepped from
. - . Ei = 300 mV to Eeg = 10 mV to induce reduction and then back to
64 _ i red
pOtentlal step chronoampgrometrlc eXperlméﬁ§§ Re . designatedHoy) potentials to induce oxidation. These data were collected
sults for a TCNQ-modified GC electrode (mechanical after 5 cycles of the potential over the range from 300 to 50 mV.
attachment method) subjected to at least 5 cycles over theT ble 4. Infrared Absorotion F s Obtained f
. able 4. Infrare sorption Frequencies Obtained for
potentlal range (0'_35 '[Q0.075 V). ata scan rat.e of 20 mv Ni[TCNQ]2(H20),, Prepared Chemically and Electrochemically
s 1 are presented in Figure 4. Figure 4a provides cufrent
time (i—t) curve obtained by initially stepping the potential
from an initial value E = 300 mV), where no faradaic

method of 5(C—H) »(C=C) »(C=N)
preparation (cm™) (cm™) (cm™)

chemical synthesis 823 m 1505 s 2226's,2207 s,2177m

process occurs, to a more negative valigs= 10 mV) to electrolysié 824m  1504s  2224s,2204s,2179s
induce reduction of TCNQ into TCNQand hence formation cyclic voltammetry ~ 825m 1506 s 22255, 22065, 2179 s
of Ni[TCNQ]2(H20). (process Ry. After 30 s, the potential aReaction of aqueous solution of Ni(NJ2 with LITCNQ.58 b Bulk

is stepped back tBox = 190 mV to induce oxidation process electrolysis at-0.05 V for 10 min of a TCNQ-modified ITO electrode in
; ot _ the presence of 0.1 M Ni(N§»6H,0. ¢ After 10.5 potential cycles over

Pox. M.ax.lma Chara.'Cte“StIC for the presence of a rate the range from 0.3 t6-0.05 V at a scan rate of 20 mV-swith either a

determining nucleation/growth procé4are de.t(_ected fo_r both  tcNQ-modified GC or ITO electrode.

Pred and Ry, under these and related conditions (Figure 4b

and ¢), but are more pronounced for processtRan P agreement with the presence of TCNQGnion radical

on the basis of cvell | . d ch coordinated to the divalent Ni(ll) io?f:%6 A single, strong
n the basis of cyclic voltammetric and chronoampero- | panq 4t 1506 it and a sharp(C—H) bending band at

metric diti’g;\:s concluded tkrat_ the rke;jl_ox-(ijnducEd trar;sfor- 825 cnt! are consistent with the presence of the TCNQ
mation o Q microcrystals immobilized on the surface - yic 15657 and not the [TCNGQ TCNQP- o-dimer ((C—

of a GC electrode in contact with an aqueous solution of H) ~ 802 cnT3).5 The presence of two broad IR bands at

Ni%* ions represents a chemically reversible sebdlid 3448 and 3375 cnit, along with a weak band at1642
phasg transformqtion that is governed by nucleation/growth cm1, suggests that the electrochemically produced material
kinetics as _prewciusly reported for other w”__CNQ]” contains coordinated water molecifeand that the product
;3)/3525 (M= Co?*, Cu, or Group | cationsn = 1 or of reduction of solid TCNQ-modified electrodes is solid Ni-

) ) ) ) ) [TCNQ]2(H20),. This is fully confirmed by comparison of

Il. Spectroscopic Confirmation of Ni[TCNQ] 2(H20). the IR data obtained by soliesolid conversions under
Formation. Il.A. IR Spectroscopy. The IR spectrum of the  gifferent electrolysis conditions (see Table 4) with that found
solid formed as a result of 10.5 potential cygles over the for an authentic sample of chemically synthesized Ni-
range from 0.35 t0-0.05 V of a TCNQ-modified GC or [TCNQ]x(H20),%. In general, IR data show that conversion

ITO electrode in the presence of 0.1 M*Njg electrolyte  of g0jig TCNQ microparticles into the corresponding blue
is displayed in Figure S2. Three resolved IR bands in the

v(C=N) region at 2225, 2206, and 2179 chare in (66) Khatkale, M. S.; Devlin, J. Rl. Chem. Phys1979 70, 1851.
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Figure 5. Raman spectra of solid TCNQ and Ni[TCN{H20), formed

as a result of bulk electrolysis Bkpp= —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) €lectrolyte.

NI[TCNQ]2(H20), solid is achieved electrochemically (Table
4) using the procedures described in this study.

[I.B. Raman Spectroscopy.The Raman spectra of solid
TCNQ crystals and the solid generated by electrolysiS,at
= —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! are affected by reduction to TCNQand
subsequent coordination to Ni(ll). In particular, the band at s .
1454 cnr?, attributed to the €C ring stretching mode of e RN N\
TCNQ, is replaced by a n_eW t?road band at lower energy Figure 6. (a) SEM image of a single crystal of TCNQ present on a TCNQ-
(1382 cn1?l). The red shift in this band of 72 crfy found modified ITO electrode prepared via the drop casting method. (b) SEM
after reduction, is consistent with that expected for formation image of Ni[TCNQL(H20). formed by reductive electrolysis for 10 min at
of the hydrated NITCNQYHO), complex and is also o, 3,Ssa 2 shoun n pavel 3 when the TENQ modfied To
similar to that reported for formation of other MTCNQ the crystal shown in image b at a higher magnification-fANi[TCNQ] -
complexes, (M= Cu, Ag, or alkali meta|59§r69 This shift (HgO_)z nanowire;s formed from reduction of other TCNQ crystals present
confirms the presence of coordinated TCNI@ the gener- ~ O" different regions of the electrode surface.
ated material and also the formation of the hydrated phase.€lectrode is placed in contact with 0.1 M aqueous solution
The shift of 12 cm? for the 2224 cm? band to lower energy,  Of Ni(NOz). electrolyte and then subjected to 10 min of

along with a reduction of its intensif§, provides an  reductive electrolysis aap, = —0.05 V vs Ag/AgCI, are
additional Raman fingerprint for the formation of Ni- Provided in Figure 6bf. During the reductive electrolysis,
[TCNQ]2(H:0). the surface of the parent large-sized TCNQ crystals become

II.C. Energy-Dispersive X-ray. EDAX elemental analysis ~ completely covered with nanosized Ni[TCNgH:0). crys-
of solids formed at TCNQ-modified ITO electrodes by either tals (see for example, Figure 6b, low-magnification). High
reductive electrolysis or cyclic voltammetry confirmed the Mmagnification (Figure 6¢c and d) SEM images reveal that
presence of Ni, as well as carbon and nitrogen, as expectedhese nanosized architectures consist of a network of densely
for the formation of Ni[TCNQ}(H;O).. packed, 2-D/3-D nanowires/nanorods having an average

The combined electrochemical and spectroscopic (IR, Size of 500 nm to 1.em in length and~50-100 nm in
Raman, and EDAX) data imply that when microcrystals of diameter. Interestingly, SEM images obtained from some
TCNQ are immobilized on the working electrode surface regions of the ITO electrode surface (Figure 6e and f),
(GC, Pt, Au, ITO) and then reduced in the presence 8fNi  Probably where smaller parent TCNQ crystals are initially
(aq) electrolyte ions, only the hydrated Ni[TCNG:0). present, gave rise to Ni[TCNg{H-O), nanowires having a
phase is formed via a nucleation/growth process. preferred orientation in which their tips prominently point

lIl. SEM Probing of the Morphological Changes upward to produce “sea urchin-like” structures (see Figure
Associated with the Redox-Induced TCNQ/NIi[TCNQ}- 6e). Formation of Ni[TCNQH:O). in the form of a
(H20), Transformation. Figure 6a shows an SEM image nanowire/nanorod network, via reduction of TCNQ-modified
of a typical rhombus-shaped crystal (4040 um) of TCNQ electrodes (drop cast), normally leaves the characteristic
initially immobilized on the surface of an ITO electrode via Overall rhombus shape of the parent TCNQ structure intact
the drop casting method. SEM images obtained after Ni- provided that the parent TCNQ crystal is significantly large

[TCNQJ2(H,0); is formed, when this TCNQ-modified ITO  and the electrolysis time sufficiently short (10 min or less).
The fact that the majority of nanowires (Figure 6b) are

223 E_amgs%s, E: I.;YRisQen,Z\r/]V. I\S., é%hChgn};dPE}llswl%?é 592 ;&3%87-1 preferentially derived from the growth along the surface

U, 5.-G.; LU, Y.-Q.; u, D.-B.I'nin SOlI 1ms .

(69) Ye, C.; Cao, G.; Fang, F.; Xu, H.; Xing, X.; Sun, D.; ChenMscron (edges, top and presumably base.) of the Iarge TCN.Q
2005 36, 461. crystals rather than through the middle allows the basic
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architecture to remain intact. From an energetic point of view,
the triple phase soljdlectrod¢electrolyte interfac® 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[TCNQJH:O), material}®5! 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 thie, 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]
(H20), 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[TCNE®LO),
structures (Figure 7c¢) having an average length of about 2
um 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 t6-0.05 V) and in the presence of 0.1 M
Ni2*,q electrolyte also reveal the existence of a drastically
different kind of morphology for the generated Ni[TCN&)]
(H20), crystals to that found when exhaustive reductive
electrolysis is employed to induce the transformation process.
At lower magnification (Figure 8a), solid Ni[TCN@H:0).
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 y ) - A
flowerlike architectures. Analysis of the 3-D flowerlike Ni-  Figure 7. (a) SEM image of a TCNQ-modified ITO electrode (the
[TCNQ]2(H20), architectures, using high-resolution images mechanical attachment method). (b) SEM image of Ni[TCNRJO).
such as those in Figure 8b and 8c, implies that each f"ed 2 reducie slectobsie for 10 min 8005 v of sold 1ONQ,
nanoarchitecture is composed of radially oriented, tapered-being placed in contact with 0.1 M Ni(N{3 (aq) electrolyte.
tip nanowires~2 um in length and~50—100 nm in
diameter, which are probably derived from nanosized TCNQdand Ni[TCNQL(H:0)s.

p?ﬁic"?s- The crystal shape (m(zjrphc:jlogy) alrld silze associ'ate The morphology changes that accompany transformation
with Ni[TCNQ]2(H20), generated under cyclic voltammetric of Ni[TCNQ]x(H;0), back to TCNQ under reductive

conditions may be attributed to the progressive changesyigative bulk electrolysis conditions with TCNQ-modified
induced by multiple occurrences of the chemically reversible |14 yia mechanical attachment was also monitored via SEM.
TCNQ/NI[TCNQ(H20), transformation. During the initial |, this situation, SEM images (Figure 9) of TCNQ obtained
reductive (negative) potential direction scan, TCNQ particles sfter back oxidation of the blue Ni[TCN@H,O), material,

(see Figure 7a) are converted into 3-D flowerlike Ni[TCNQ]  formed initially upon reductive electrolysis show the char-
(H20), nanowire architectures by inclusion of g ions acteristic morphology expected for TCNQ crystals, namely,
from the bulk solution into the TCNQIattice. Reoxidation dispersed nanosized cubic/rhombus shaped yellow crystals.
of the reductively formed Ni[TCNQ[H:O), when the  This represents a significant difference to the compact layer
potential is scanned in the positive direction leads to the of TCNQ particles initially present (Figure 7a). Thus, TCNQ
generation of TCNQ nanoparticles that are even smaller thancrystals need to fragment and hence undergo a net decrease
those that were initially present (see Figure 8a). Repeatedin size to accommodate the different morphologies of TCNQ
cycling of the potential ultimately leads to better defined and and Ni[TCNQL(H-O), forms during the course of exhaustive

more uniform sizes of very small crystals of both TCNQ
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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) &,pp = —0.05 V for 10 min when it was placed in
contact with the Ni(N@)2@gq)electrolyte to form Ni[TCNQJ(H20)z, followed

by oxidative back electrolysis to regenerate TCN@&a#= 0.4 V for 10
min.

IV. Mechanistic Considerations of the TCNQ/Ni-
[TCNQ] 2(H20), Transformation Process.Voltammetric,
spectroscopic, and microscopic data, when considered in
combination, demonstrate that formation of blue solid Ni-
[TCNQ]J2(H20), 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 TCNQradical anion in the presence of an
aqueous solution of Rig) ions. The overall two-electron

Figure 8. SEM images at progressively higher magnifications obtained charge-transfer process is represented by eq 6. Because the
after completion of 10.5 cycles of potential at a scan rate of 20 md s

over the range from 0.35 t60.075 V with a TCNQ-maodified ITO electrode 2[ITCN +NiZt .+ 2e H0

(mechanical attachment method) in contact with 0.1 M NigNQaq) [ Q](S,GCJTO) " (ag)

electrolyte. {NI[TCNQ](H,0),} s cc.ito) (6)

bulk reduction-oxidation sequences. IR spectra of the solid Ni%*aq) + 26 — Ni® reduction in aqueous medi& ¢ >
produced by back-oxidation revealed the characteristic bands1 0 V) is more negative than both of the TCNC®

at 2228, 1543, and 860 crhexpected for TCNQ? thereby  processes, the Rliag ions are most likely to be involved
confirming that regeneration of TCNQ does occur under only in the charge neutralization step and not in the electron-
these conditions. transfer process. In the case of the TCNQ to CUTCNQ
Taken together, the SEM findings clearly establish that interconversion, Cif () ions present in bulk solution par-
the morphology and crystal size of the electrochemically ticipate in both processéd Moreover, the morphology of
produced NIi[TCNQJ(Hz0), material are strongly dependent  the electrogenerated Ni[(TCN&H:0), complex is highly
on both the method of electrode modification with solid dependent on the method of electrode modification, that is,
TCNQ (drop cast vs mechanical attachment) and on thethe initial TCNQ crystal size and morphology, and the
voltammetric technique used to induce the TCNQ/Ni- necessity to accommodate the requirements of conversion
[TCNQJ2(H20). solid—solid transformation. Furthermore,  of basically rhombus-shaped TCNQ microcrystals to needle-
significant differences in morphologies and crystals sizes shaped Ni[TCNQJH»O), nanowires that needs to occur
obtained for isostructural Co[TCNgH:0)** and Ni-  during the solid-solid redox based transformation.
[TCNQ]2(H20), complexes, under similar conditions, con- i
firm that the nature of the cation controls the extent and Conclusions
direction of growth in redox-based interconversion of these  Facile electrochemical approaches have been developed
nanostructured materials. to induce the chemically reversible, redox-based, sadlid
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phase transformation of TCNQ microcrystals into nanowire/ technique employed. A potential outcome is access to
nanorod or flowerlike architectures of the semiconducting superior electrochemical routes to control the synthesis and
and magnetic Nif[TCNQJH,0),. This TCNQ/Ni[TCNQ}- crystal growth of the aqueous Ni[TCNgH.O), complex
(H20). interconversion process uses the reduction of solid than provided by chemical methods.

TCNQ into TCNQ as a key step followed by the incorpora-

tion of Ni2* g ions from the bulk solution into the crystal ~ Acknowledgment. Financial support from the Australian
lattice. The conversion process involves the overall transfer Research Council is gratefully acknowledged. The authors
of two-electron charge transfer and is governed by initial express their appreciation to Dr. Alexander Bilyk, Steven
nucleation at the triple-phase TCN&Jectrodéelectrolyte Pentinakis, and John Ward from the CSIRO Division of
interface followed by rapid growth kinetics. The voltam- Manufacturing and Materials (CMMT) for technical as-
metric behavior is independent of electrode material and sistance and the SEM instrumentation used in these studies.
identity of Ni(ll) counteranions but exhibits a marked We also wish to thank Dr. Anthony P. O’Mullane (Monash
dependence on the method of electrode modification, as welluniversity) for helpful discussions.

as on the scan rate and the concentration of the i

electrolyte. The identity of the electrochemically generated  Supporting Information Available: Two figures showing the
Ni[TCNQ]2(H-0), material formed by reduction of solid dependence of voltammetric parameteis, (Ey*, and E;*) on
TCNQ has been confirmed by IR, Raman, and EDAX Ni2*,q concentration (Figure S1) and the IR spectrum (Figure S2)
techniques. SEM images obtained for the as-prepared Ni-Of Ni[TCNQ]5(H20), formed uno_le_r conditionsT of repetitive cyc!ic
[TCNQJ2(H20), nanoarchitectures revealed that their mor- Voltammetry at a TCNQ-modified ITO using the mechanical
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