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Unlike the case with other divalent transition metal M[TCNQ]2(H2O)2 (M=Fe, Co, Ni) analogues, the electrochemically
induced solid-solid phase interconversion of TCNQ microcrystals (TCNQ=7,7,8,8-tetracyanoquinodimethane) to
Mn[TCNQ]2(H2O)2 occurs via two voltammetrically distinct, time dependent processes that generate the coordination
polymer in nanofiber or rod-like morphologies. Careful manipulation of the voltammetric scan rate, electrolysis time,
Mn2+(aq) concentration, and the method of electrode modification with solid TCNQ allows selective generation of either
morphology. Detailed ex situ spectroscopic (IR, Raman), scanning electron microscopy (SEM), and X-ray powder
diffraction (XRD) characterization clearly establish that differences in the electrochemically synthesized Mn-TCNQ
material are confined to morphology. Generation of the nanofiber form is proposed to take place rapidly via formation
and reduction of a Mn-stabilized anionic dimer intermediate, [(Mn2+)(TCNQ-TCNQ)2

•-], formed as a result of
radical-substrate coupling between TCNQ•- and neutral TCNQ, accompanied by ingress of Mn2+ ions from the
aqueous solution at the triple phase TCNQ/electrode/electrolyte boundary. In contrast, formation of the nanorod form is
much slower and is postulated to arise from disproportionation of the [(Mn2+)(TCNQ-TCNQ)•-2] intermediate. Thus,
identification of the time dependent pathways via the solid-solid state electrochemical approach allows the crystal
size of the Mn[TCNQ]2(H2O)2 material to be tuned and provides new mechanistic insights into the formation of
different morphologies.

1. Introduction

Low dimensional molecular solids based on polymeric
metal-TCNQ (TCNQ=7,7,8,8, tetracyanoquinodimethane)
structures continue to attract new research interests1 and
foster many technological applications in diverse areas such

as light emitting diodes,2 data storage devices,3 glucose
biosensors,4 organic field-effect transistors,5 and photovoltaic
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cells.6 As a result of their intriguing structural, optical, and
electrical properties, the (1:1) type CuTCNQ and AgTCNQ
semiconducting solids have been the most extensively inves-
tigated metal-TCNQ systems in the past decade.7 Recent
studies with these TCNQ-based materials8 have focused on
the introduction of new synthetic approaches such as vapor
deposition, spontaneous electrolysis, electrospining,9

together with electrochemical and photochemical techni-
ques10 to control their intrinsic physical and chemical proper-
ties and hence improve their mechanical stability, as well as
their semiconducting and switching properties.
In the case of binary (1:2)M[TCNQ]2 (M=V,Mn, Fe, Co,

Ni, Zn) transition metal molecular materials, only sporadic
interest11 was shown in the period immediately following
their initial synthesis by Melby et al. over 40 years ago.12

However, extensive recent studies byDunbar andMiller have
reinvigorated interest in this class of compound. Despite the
successful chemical synthesis of different forms of the diva-
lent cation (M2+) transition metal family, including the
solvent-free M[TCNQ]2 (M=Mn2+, Fe2+, Co2+, Ni2+)
“glassy magnets”14 and the solvated M[TCNQ]2(s)2,

(s=MeOHorH2O)15 congeners, their insolubility, structural
complexity, and possible polymorphism often preclude the
growth of large single crystals suitable for X-ray analysis.
A notable exception is the elegant work of Dunbar and
co-workers that has produced crystal structures of a family
of Mn- and Zn-TCNQ based compounds.13a,15 These inves-
tigations have revealed a range of binding modes for the
TCNQ•- ligand (e.g., cis-[μ-TCNQ]•-, syn-[μ-TCNQ]•-, and
μ4-[TCNQ-TCNQ]2-) in unique network polymers having
extensive supramolecular interactions between layers
through hydrogen-bonding or π-π stacking.13a,15 Thus,
methanol solvated polymeric structures such as Mn[(TC-
NQ)2(MeOH)2], [Mn(TCNQ-TCNQ)(MeOH)4]¥, and [Mn-
(TCNQ)(TCNQ-TCNQ)0.5(MeOH)2]¥ have been synthe-
sized and characterized.15 In contrast, only one phase
and formulation, consisting of Mn(II) ions bonded to two
syn-[μ-TCNQ•-] equatorial ligands and two axial H2Omole-
cules, is available as a hydrated Mn[TCNQ]2(H2O)2 analo-
gue, although in this case non-identical X-ray powder
diffraction patterns were found for single crystals and bulk
material.15

Given the structural versatility and richness of the
Mn-TCNQ based material, and our interest in electrochemi-
cally driven TCNQ/M[TCNQ]2(H2O)2 solid-solid phase
transformation processes,16 we have now set out to probe
the mechanistic nuances associated with the electrochemical
conversion of TCNQ-modified (GC, Pt, Au, or ITO) electro-
des, in contact with an aqueous solution of Mn2+ ions, into
Mn-TCNQ material. In contrast to electrochemical studies
that generate other M[TCNQ]2(H2O)2 (M= Fe, Co, Ni)
compounds,16 the solid-solid interconversion process in the
manganese case takes place via two voltammetrically distin-
guishable, time-dependent processes that produce nanofiber
and/or nanorod forms of Mn[TCNQ]2(H2O)2. Nevertheless,
X-ray diffraction, energy dispersive X-ray analysis, IR, and
Raman characterization all imply the presence of only one
crystalline phase, namely, the hydrated Mn[TCNQ]2(H2O)2,
in the final product.

2. Experimental Section

2.1. Materials and Chemical Synthesis of Mn[TCNQ]2-
(H2O)2. All chemicals and solvents were used as received from
the manufacturer. Hydrated Mn(NO3)2 3 xH2O (98%),
MnCl2 3 4H2O (98%), 7,7,8,8-tetracyanoquinodimethane (TCNQ,
99%), and reagentplus acetonitrile (99%) were purchased from
Aldrich. [Bu4N[ClO4] (Aldrich) was recrystallized several times
from ethanol (95%) and vacuum-dried prior to use. Mn[TCNQ]2-
(H2O)2 was synthesized chemically using a procedure based on that
reported by Dunbar et al.15 To an aqueous solution (5.0 mL)
of MnCl2 3 4H2O (0.015 g, 0.125 mmol) a solution (5.0 mL) of
LiTCNQ (0.053 g, 0.25mmol) was addedwith stirring. Themixture
immediately became dark blue in color and a blue precipitate
appeared. The mixture was stirred for 30min at room temperature,
and the resultingblue suspension filteredover amediumporosity frit
to isolate the crude product as a deep blue-purple solid. The solid
was washed sequentially with water (5�10mL), ethanol (3�5mL),
and diethyl ether until the washings were colorless, and then dried
under vacuum. The isolated blue-purple solid was confirmed to be
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hydratedMn[TCNQ]2(H2O)2 via comparison of IR andXRDdata
with that reported in the literature.15

2.2. Electrochemical Procedures.A fresh aqueous solution of
Mn2+ electrolyte was prepared daily and kept in the dark under
N2 to avoid air-oxidation and formation of solid MnO2. Aqu-
eous electrolyte solutions were prepared using water purified by
a Millipore System (resistivity of 18.2 MΩ cm). Voltammetric
measurements were undertaken with an Autolab PGSTAT100
(ECO-Chemie) workstation using a standard three-electrode
cell configuration. The working electrodes used were glassy
carbon (GC) disk (3 mm diameter) platinum (Pt) and gold
(Au) (1.6 mm diameter) obtained from Bioanalytical Systems
as well as semiconducting indium tin oxide (ITO)-coated glass
(0.02-0.1 cm2 area) having a 10Ω/sq sheet resistance (as quoted
by the manufacturer Prazisions Glas and Optik GmbH). These
electrodes were routinely cleaned and polished according to the
procedures described in reference 16. TCNQ-modified versions
of these working electrodes (GC, Pt, Au, and ITO) were
prepared via drop casting or mechanical attachment as
described elsewhere.16c The auxiliary electrode consisted of
large surface area platinum mesh, and the reference electrode
was an aqueous Ag/AgCl (3.0 M KCl) from Bioanalytical
Systems, against which all potentials are reported at 23 ( 2 �C.

2.3. Physical Measurements. Details related to infrared spec-
troscopy (IR), Powder X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM), and energy-dispersive X-ray (EDX)
instruments and measurements are described elsewhere.16c

Raman spectra were recorded by using a Renishaw RM 2000
Raman spectrograph and microscope with 50� objective lens.
Because of the sensitivity of the Mn-TCNQ based material to
laser light, only 1-10%of the laser strength (18mW)was used at
a wavelength of 780 nm. Nevertheless, microscopic examination
of Mn-TCNQ solid samples after exposure to the laser light for
only 30 s revealed a color change from blue to purple for the
irradiated spot.

3. Results

3.1. Electrochemical Investigations of the TCNQ/Mn-
TCNQ Solid-Solid Interconversion. 3.1.1. Voltam-
metric Studies of Solid TCNQ in Contact with Mn2+(aq)

Electrolyte.Cyclic voltammograms obtained at a scan rate
of 20 mV s-1 over the potential range of 0.35 to -0.10 V
versus Ag/AgCl with bare or TCNQ-modifiedGC electro-
des (via drop casting or mechanical attachment methods)
in the presence of 0.10 M Mn(NO3)2(aq) electrolyte are
presented in Figure 1. Evidently, Mn2+(aq) ions are elec-
trochemically inactive over the designated potential range
when a bare GC electrode is used (Figure 1a). Thus, the
observed electrochemical activity of TCNQ-modified elec-
trodes via drop casting (Figure 1b) or mechanical attach-
ment (Figure 1c) is attributed to the one-electron reduction
of TCNQ into TCNQ•- and its concomitant transforma-
tion into Mn-TCNQ based material upon ingress of
Mn(II) ions.
As noted with other TCNQ/M[TCNQ]2(H2O)2 (M=

Fe2+, Co2+, Ni2+) interconversions,16 less complicated
and more reproducible cyclic voltammograms were ob-
tained, in the initial cycles of potential, when the mechan-
ical attachment method is used compared to the drop
casting method (Figure 1 panel b vs c). This is likely to be
associated with the ingress/egress of Mn2+(aq) ions into/
from the TCNQ•- crystal lattice channels being able to
take place more rapidly with the smaller TCNQ micro-
particles obtained via mechanical attachment than with
much larger TCNQ crystals produced by the drop casting

method.16c However, the voltammetry exhibits intriguing
features not exhibited by the TCNQ/M[TCNQ]2(H2O)2
(M=Fe2+, Co2+, Ni2+) systems.16 Thus, in the manga-
nese case, even under the most optimized conditions, the
reduction component displays a much broader process
(peak width at half-height, W1/2

red ∼ 60-70 mV com-
pared to 32-40mV for the cobalt analogue)16c in the first
cycle of potential. Furthermore, in second and subse-
quent cycles resolution into two closely spaced processes,
labeled Ared and Bred in Figure 1c, is observed.
On reversing the scan direction, a narrow (W1/2

ox ∼
28-35 mV) and intense oxidation process (Cox) is de-
tected at Ep

ox ≈ 90 mV, which is followed by a second
relatively minor oxidation process, labeled as (Dox), at
more positive potentials (Ep

ox ≈ 200 mV).
Although the basic voltammetric behavior is essentially

independent of electrode material (Pt, Au, GC, and ITO)
and Mn2+ counteranion (e.g., ClO4

-, Cl-, or NO3
-), as

found in the TCNQ/M[TCNQ]2(H2O)2 (M=Fe, Co, Ni)
transformation processes,16 the redox processes, in the
manganese case, are highly influenced by scan rate,
electrolysis time, and the number of cycles of potential.
Figure 2 illustrates the scan rate (ν) dependence of the
TCNQ/Mn-TCNQ transformation processes when a
TCNQ-modified GC electrode is placed in contact with
a0.10MMn2+(aq) solution.Atvery slowscanrates (1mVs-1,
Figure 2a) the voltammetric response is much simpler
than when using a scan rate of 20 mV s-1, as in Figure 1
and indeed very similar to those obtained for the analo-
gousTCNQ/M[TCNQ]2(H2O)2 (M=Fe,Co,Ni) solid-solid
interconversions.16 Thus, as seen in Figure 2a, only one sharp
reduction process labeled as Fred is obtained (Ep

red ≈ 0 mV,
W1/2

red≈ 40 mV) in the negative potential scan direction. On

Figure 1. Cyclic voltammograms in the presence of 0.10 MMn(NO3)2(aq)
electrolyte obtained at a scan rate of 20 mV s-1 with (a) a bare 3.0 mm dia-
meterGCelectrode, (b)GCelectrodemodifiedwith solidTCNQvia thedrop
cast method, and (c) GC electrode modified with TCNQ via the mechanical
attachment method when the of the potential was cycled over the range of
0.35 to-0.10 V.
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the reversepositivepotentialdirectionscan,onlyoneoxidation
counterpart (Gox) is seen at Ep

ox ≈ 180 mV with W1/2
ox

≈ 45 mV. The “inert zone” (ΔEp=Ep
ox - Ep

red) between
processes Fred and Gox at slow scan rate is now 180 mV, and
thevoltammetryhas the characteristics of an electrochemically
irreversible solid-solid conversion governed by nucleation-
growth kinetics.17

ΔEp values of 250, 225, and 153mV have been reported
for separation of reduction and oxidation components of
other TCNQ/M[TCNQ]2(H2O)2 transformations (M=
Fe2+, Co2+, Ni2+, respectively),16 thereby indicating
that the identity of the transition metal cation plays a
significant role in the kinetics of these redox-induced,
nucleation-growth based transformations. Importantly,
despite the large value ofΔEp (180 mV) found in theMn-
TCNQ case, and hence substantial electrochemical irre-
versibility of couple Fred and Gox, the magnitude of the
charge (Q) associated with the reduction component
(Figure 2a) Q(Fred)=263 ( 5 μC is equal to that of the
corresponding oxidation componentQ(Gox)=260( 5 μC
within experimental error. It is therefore concluded that
Fred/Gox couple is chemically reversible under slow scan
rate conditions, which implies that the Mn-TCNQ based
material generated via process Fred can be quantitatively
converted back to solid TCNQ and Mn2+(aq) ions upon
oxidation through process Gox.
As the scan rate is increased from1 to5and then30mVs-1

(Figure 2a,b,c) the reduction process (Fred) splits into two
processes labeled in Figure 1 as Ared and Bred with the
latter process, Bred, being more evident at higher scan
rates. Furthermore, on the positive potential scan direc-
tion, two well separated oxidation processes Cox and Dox

(Dox = Gox) are observed, with process Cox increasing at
the expense of Dox, upon increasing the scan rate. Inter-
estingly, at even faster scan rates (ν g 100 mV s-1,
Figure 2d), only one broad oxidation peak (Cox) is
detected in spite of the presence of the two reduction
processes (Ared, Bred). This means that at fast scan rates,
reduction processes Ared and Bred, in combination, lead to
generation of a Mn-TCNQ based product that can be
oxidized only via process Cox.
The scan rate dependence clearly signals the time-

dependent nature of the redox chemistry associated with
the TCNQ/Mn-TCNQ solid-solid transformation. The
same conclusion also is reached via careful manipulation
of time under reductive electrolysis conditions, prior to
implementing potential cycling. Thus, as illustrated
in Figure 3a, the cyclic voltammogram (black curve)
obtained under conditions of Figure 1c when the poten-
tial is initially scanned in the negative direction from 0.35
to -0.10 V then back to 0.35 V at a rate of 20 mV s-1,
shows the predominance of process Cox relative to Dox.
However, if 10 min of reductive electrolysis of TCNQ-
modified GC electrode at Eappl=-0.10 V is undertaken
prior to commencing cyclic voltammetry, the positive
going potential scan shows almost exclusive dominance
(97%) of process Dox (Ep

ox=0.23 V). Thus, as is the case
when slow scan rates are employed in cyclic voltammetry,
long time scale bulk electrolysis experiments favor process

Figure 2. Cyclic voltammograms (2nd cycle of potential shown)
obtained at different scan rates: (a) 1 mV s-1, (b) 5 mV s-1, (c) 30 mV
s-1 and (d) 100 mV s-1, when a TCNQ-modified GC electrode
(mechanical attachment method) is immersed in 0.10 M Mn(NO3)2(aq)
electrolyte solution.

Figure 3. Cyclic voltammograms obtained at scan rate of 20 mV s-1

(a) before (black curve) and after 10 min of reductive electrolysis (Eappl=
-0.10 V) (red curve) of a TCNQ-modified GC electrode (mechanical
attachment method) in contact with 0.10MMn(NO3)2(aq) solution (b) as
in (a), but as a function of electrolysis time.

(17) (a) Suarez, M. F.; Marken, F.; Compton, R. G.; Bond, A. M.; Miao,
W.; Raston, C. L. J. Phys. Chem. B 1999, 103, 5637. (b) Bond, A. M.; Fletcher,
S.; Symons, P. G. Analyst 1998, 123, 1891. (c) Wooster, T. J.; Bond, A. M.
Analyst 2003, 128, 1386.
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Dox. Detailed examination of the dependence of the two
oxidation processes on electrolysis time (1 to 60 s)
(Figure 3b) reveals that both processes Cox and Dox are
detectable at very short (1 s) electrolysis times (Figure 3b
top), but, as expected, processCox is the dominant one.As
the electrolysis time is increased, the voltammograms
progressively exhibit a marked increase in the ratio of
process Dox to Cox, with almost exclusive dominance
(95%) of the former being achieved at 60 s (Figure 3b
bottom curve). Taken together, the voltammetric and
bulk electrolysis data indicate that when TCNQ micro-
crystals are reduced in the presence of Mn2+(aq) electro-
lyte, Mn-TCNQ based material is produced via two
voltammetrically distinct, time-dependent processes
(Ared, Bred).
A critical and unique finding, pertinent only to theMn-

system and not the analogous M[TCNQ]2(H2O)2 (M=
Fe2+, Co2+, Ni2+) systems,16 is that upon repetitive
cycling of the potential over the range of 0.35 to -0.10 V,
(see Figure 4 and Supporting Information, Figure S1) a
gradual decrease in the peak current of the initially
detected oxidation process (Cox) occurs concomitantly
with the emergence and progressive increase in the second
more positive oxidation process (Dox). The continuous
increase of process (Dox) at the expense of (Cox) upon
extended cycling of the potential (13 cycles), gives rise to
the equivalent of an isosbestic point found upon mon-
itoring the course of chemical reactions by spectroscopic
methods. The long-term behavior exhibited upon this
level of potential cycling may imply a slow transformat-
ion of one form of electrochemically generated Mn-
TCNQ based material into another phase or polymorph.
Upon very extensive cycling of potential (20-50 cycles)
both processes Cox and Dox become gradually attenuated
because of the slow dissolution of solid TCNQ18 and/or
the electrochemically generated Mn-TCNQ based
material in aqueous media, as found with other mem-
bers of the M[TCNQ]2(H2O)2 family (M=Fe2+, Co2+,
Ni2+).16

In the CuTCNQ system,19 related voltammetric
behavior to that shown in Figure 4 is detected upon
extensive cycling of the potential. In that case, the cyclic
dependence is attributed to a phase change in which the
initially formed, kinetically favored, highly conducting
CuTCNQ phase I (σ = 0.2 S cm-1) is subsequently
transformed into the thermodynamically favored, rela-
tively poorly conducting phase II material (σ = 10-5

S cm-1).19b However, careful comparison of the voltam-
metric behavior of the manganese and copper-TCNQ
systems reveals crucial differences. First, the initial tran-
sition from phase I to phase II in the CuTCNQ case is
only detected after prolonged (g10) cycling of poten-
tial,19c whereas in the Mn-TCNQ system, both processes
(Cox and Dox) are evident in the second cycle. Second,
complete conversion of CuTCNQ phase I to phase II
occurs after 50 cycles, but the two oxidation processes in
the Mn-TCNQ remain present even after extensive cy-
cling of potential (up to 50 cycles), implying that the time
dependence and the nature of the transformations are
different in the two cases. Finally, the potential separa-
tion between the two oxidation peaks [ΔEp

ox=Ep(D
ox) -

Ep(C
ox)] of theMn-TCNQ system (97mV) is significantly

larger than the value (ΔEp
ox= 32 mV)19c obtained for

transformation of CuTCNQphase I into phase II. Never-
theless, the tentative conclusion drawn from all the
aforementioned voltammetric data is that the redox-
based transformation of TCNQ microcrystals into Mn-
TCNQ based material occurs through two voltammetri-
cally distinguishable processes that give rise to two forms
of Mn-TCNQ based material (not necessarily two
phases).

3.1.2. Solid-State Electrochemistry of Chemically and
Electrochemically Synthesized Mn[TCNQ]2(H2O)2. Sup-
porting Information, Figure S2 shows the cyclic voltam-
metric behavior obtained from electrocrystallization of
Mn-TCNQ material (identified later as Mn[TCNQ]2-
(H2O)2) onto a 3.0 mm diameter GC electrode via
reductive electrolysis at Eappl = -0.15 V for 5 min in
acetonitrile (0.10 M [Bu4N][ClO4]) from a solution con-
taining 5.0 mM TCNQ and 2.50 mM Mn(NO3)2, (2:1
ratio), but under conditions where this Mn[TCNQ]2-
(H2O)2-GC modified electrode is removed from the acet-
onitrile environment and placed in contact with 0.10 M
aqueous Mn(NO3)2 electrolyte. In this experiment, the
initial potential was set at -0.10 V (open circuit
potential), then initially scanned in the positive potential
direction to 0.40 V at a scan rate of 20 mV s-1. Use of this
protocol led to the observation of an intense oxidation
peak at Ep

ox=0.225 V preceded by a very minor one at
less positive potential (Ep

ox=0.130 V) (see red curve in
Supporting Information, Figure S2). Interestingly, cy-
cling of potential over the range of -0.10 to 0.40 V
produced voltammetric features similar to those observed
from TCNQ-modified electrodes in contact with 0.10
Mn2+(aq) ions. Thus, initially in both cases, detection of
an oxidation process similar to Cox is found (blue curves
in Supporting Information, Figure S2) at Ep

ox=0.155 V
with the emergence and gradual increase in intensity of
processDox (Ep

ox=0.225 V) being detected at the expense
of Cox upon extensive cycling of the potential.
Closely related behavior to that found with electrocrys-

tallized Mn[TCNQ]2(H2O)2 was noted when chemically

Figure 4. Cyclic voltammograms (first 13 cycles of potential) obtained
at a scan rate of 20 mV s-1 when a TCNQ-modified GC electrode
prepared via the mechanical attachment method is placed in contact with
0.10MMn(NO3)2(aq) electrolyte and scanned over the potential range of
0.35 to -0.15 V.

(18) Bond, A. M.; Zhang, J. J. Electroanal. Chem. 2005, 574, 299.
(19) (a) Qu, X.; Nafady, A.; Mechler, A.; Zhang, J.; Harris, A. R.;

O’Mullane, A. P.; Martin, L. L.; Bond, A. M. J. Solid State Electrochem.
2008, 12, 739. (b) O'Mullane, A. P.; Neufeld, A. K.; Bond, A. M. Anal. Chem.
2005, 77, 5447. (c) Neufeld, A. K.; Madsen, I.; Bond, A. M.; Hogan, C. F. Chem.
Mater. 2003, 15, 3573.
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synthesized Mn[TCNQ]2(H2O)2 material was mechani-
cally attached to aGCelectrode and this formofmodified
electrode was subjected to the same voltammetric condi-
tions. However, in this case a more significant contribu-
tion from process (Dox) was evident, even in the initial
scan in the positive direction.
The multicyclic voltammetric behavior observed with

electrocrystallized and chemically synthesized Mn-
[TCNQ]2(H2O)2 modified electrodes implies that pro-
cesses Dox and Cox detected in the solid-solid
interconversion of TCNQ-modified electrodes immersed
in Mn2+(aq) electrolytes are derived from two forms of
Mn[TCNQ]2(H2O)2. Thus, oxidation of authentic sam-
ples of Mn[TCNQ]2(H2O)2, attached to GC electrodes,
initially generates solid TCNQ on the electrode surface,
when the potential is initially scanned in the positive
direction for the first cycle. Upon scanning in the negative
direction this electrogenerated TCNQ undergoes inter-
calation of Mn2+(aq) ions from bulk solution into the
reduced TCNQ•- lattice as is the case when commencing
with pristine TCNQ-modified electrodes. Thus, the long-
term behavior achieved upon repetitive cycling of the
potential is independent of whether the starting point
refers to a TCNQ or Mn[TCNQ]2(H2O)2 modified elec-
trode.

3.1.3. Effect of Mn2+(aq) Concentration. Figure 5 con-
tains cyclic voltammograms obtained at a scan rate of
20mV s-1 for the TCNQ/Mn-TCNQ interconversion as a
function of Mn2+(aq) electrolyte concentration (0.01 to
1.0M). Apparently, theMn2+(aq) concentration has little
effect on the interplay of the redox chemistry, but the

peak potentials shift significantly toward more positive
values (see Table 1) upon increasing the Mn2+(aq) ion
concentration from 0.01 to 1.0 M. The peak-to-peak
separations (ΔEp) exhibit significant increases upon de-
creasing the Mn2+(aq) concentration from 1.0 to 0.01 M
(Table 1), although it should be noted that ΔEp values,
particularly at low electrolyte concentrations (0.01 M),
are expected to be drastically influenced by uncompen-
sated ohmic iRu drop.

16

3.1.4. Evidence for Nucleation-Growth Kinetics in the
TCNQ/Mn-TCNQSolid-Solid Interconversions. (a). Cyclic
Voltammetry. It is generally understood that the detection of
current loops in cyclic voltammogramsat the onset of either the
reductionor theoxidation,whenthescandirection is reversedat
thefootofaprocess, isdiagnosticofrate-determiningnucleation

Figure 5. Cyclic voltammograms obtainedwithout iRu compensationat
a scan rate of 20 mV s-1 using a TCNQ-modified GC electrode
(mechanical attachment method) immersed in aqueous Mn(NO3)2 elec-
trolyte at designated concentrations.

Table 1. Voltammetric Parametersa Obtained at a Scan Rate of 20 mV s-1 for
TCNQ-Modified GC Electrodes (Mechanical Attachment Method) in the Pre-
sence of Different Concentrations of Mn(NO3)2 (aq) Solution

b

[Mn2+(aq)]
(M)

Ep
red

(V)
W1/2

red

(mV)
Ep

ox

(V)
W1/2

ox

(mV)
Em

(V)
ΔEp

(mV)

0.01 -0.095 76 0.055 40 -0.020 150
0.1 -0.025 51 0.085 28 0.030 110
1 0.035 34 0.125 20 0.080 90

a Ep
red and Ep

ox are the reduction and oxidation peak potentials.
Em represents the midpoint potentials measured as (Ep

red + Ep
ox)/2 in

volt versus Ag/AgCl (3 M KCl); ΔEp is the peak potential separation
calculated as (Ep

ox - Ep
red). W1/2

red and W1/2
ox are the peak widths at

half height for the reduction and oxidation processes, respectively.
bVoltammetric data were collected after one cycle of the potential.

Figure 6. Double-potential step chronoamperograms obtained when a
GC electrode modified with microcrystals of TCNQ (mechanical
attachment) is placed in contact with 0.1 M Mn(NO3)2(aq): (a) I-t curve
obtained when the potential is stepped from Ei=350 to Ered=-75 mV
to induce reduction and then back to Eox=150 mV to induce oxidation.
(b) I-t curves obtained under same condition as in (a), when the potential
is progressively stepped fromEi=350 mV to designatedEred potentials to
induce reduction. (c) I-t profiles obtained when the potential is stepped
from -75 mV to induce reduction then stepped back to designated Eox

potentials to induce oxidation. These data are collected after 2 cycles of
the potential (ν=100 mV s-1) and were undertaken over the range from
350 to -100 mV.
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and growth kinetics.20 Observation of this phenomenon is well
documented in the electrochemically induced transformationof
solid TCNQ into the congeners M[TCNQ]2(H2O)2 (M=Fe,
Co, Ni)16 as well as CuTCNQ19c and group I cations.17c

However, the detection of current loops in the mechanistically
more complex manganese case is only seen under special
conditions. Thus, in the TCNQ/Mn-TCNQ transformation
processes, the current loops found in the other systems are not
observed in the initial cycles of potential upon switching the
potential at the foot of the reduction process (0 V).

(b). Chronoamperometry. Definitive evidence for the
presence of nucleation-growth rate-determining kinetics
is obtained by performing double potential step chron-
oamperometric (DPSCA) experiments.16,21 Figure 6a
illustrates the current-time (I-t) transient obtained by
stepping the potential from an initial value (Ei=350 mV),
where no redox activity is involved, to a more negative
value (Ered=-75 mV) to induce the reduction of TCNQ
for 10 s after which the potential is stepped back
(oxidation direction) to Eox of 150 mV, which is more
positive than process Cox, but not enough to initiate
oxidation process Dox. This potential step protocol along

with conditions provided in the caption to Figure 6
allowed for observation of current-time profiles invol-
ving rapid decay in current followed by an increase to give
a current maximum followed again by current decay that
is diagnostic for the existence of nucleation-growth.16,21

3.2. SEM Examination of the Morphology Changes
Accompanying the Redox-Based TCNQ/Mn-TCNQ So-
lid-Solid Interconversion. Figure 7 provides SEM images
of TCNQ and Mn-TCNQ material, obtained from me-
chanical attachment of solid TCNQ onto ITO surfaces,
before (image a) and after (images b-d) being in contact
with 0.10 M Mn2+(aq) electrolyte under cyclic voltam-
metric conditions (2.5 cycles of the potential over the
range from 0.35 to -0.10 V). Clearly, the morphology of
electrochemically generated Mn-TCNQ material
(Figure 7b) differs drastically from that of initially present
form of TCNQ microparticles (Figure 7a). When fast
scan rate (ν g 100 mV s-1) conditions are used to induce
the TCNQ/Mn-TCNQ transformation, a relatively uni-
form nanofibrous network (Figure 7b) of presumably
Mn-TCNQ crystalline material adhered to the ITO sur-
face is detected. Higher magnification (Figure 7c) reveals
that some of these nanofibers are joined together giving
rise to stacks of closely packed nanorods having preferred
orientation in which their tips prominently point away
from the ITO surface. In contrast, SEM images
(Figure 7d) of Mn-TCNQ material obtained at very
low scan rate (1 mV s-1), reveal the formation of a
compact layer of randomly oriented larger-sized nanorod

Figure 7. (a) SEM image of a TCNQ-modified ITO electrode prepared via mechanical attachment method. Images (b, c) reveal the morphology
(at different magnifications) of the electrochemically generated Mn-TCNQ material obtained after completion of 2.5 cycles of potential at a scan rate of
100 mV s-1 over the range of 0.35 to -0.10 V using a TCNQ-modified ITO electrode (morphology initially as in image (a)) in contact with 0.10 M
Mn(NO3)2(aq) electrolyte. Image (d) depicts themorphologyofMn-TCNQsolid formedunder conditions for (b) except that a lower scan rate (ν=1mVs-1)
was used.

(20) Bond, A. M. Broadening Electrochemical Horizons: Principles and
Illustration of Voltammetric and Related Techniques; Oxford University Press:
Oxford, 2002; pp 334-440.

(21) (a) Fletcher, S.; Halliday, C. S.; Gates, D.; Westcott, M.; Lwin, T.;
Nelson, G. J. Electroanal. Chem. 1983, 159, 267. (b) Bond, A. M.; Fletcher, S.;
Marken, F.; Shaw, S. J.; Symons, P. G. J. Chem. Soc., Faraday Trans. 1996, 92,
3925.
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structures (lengths 5-10 μm) with an average diameter of
about 100-200 nm, consistent with slow crystal growth
to give another form of Mn-TCNQ based material.
Interestingly, when an intermediate scan rate (20mV s-1)

is used to induce the transformation process under multi-
cyclic conditions, the relative proportions of both forms
of Mn-TCNQ material are determined by the number
of cycles. Thus, in the initial stages of this experiment
(1.5 cycles), the morphology is again a network of very
long and narrow nanofibers (Figure 8a), which mimics
that found with faster scan rates or very short electrolysis
time. SEM images obtained after 5.5 potential cycles,
gives rise to longer (∼10 μm) andmuch thicker nanowire/
nanorod structures (Figure 8b), which predominates over
the fibrous architecture observed initially. Finally, upon
applying 15.5 cycles of the potential, the majority of the
electrochemically generated Mn-TCNQ material has a
flat and long needle-shaped morphology with crystal

dimensions ranging from 5 to 15 μm in length and
∼50-100 nm in diameter, consistent with extensive inter-
conversion of the nanofibers into nanorods being
achieved under these conditions.
SEM images were also examined to probe themorphol-

ogy of Mn-TCNQ based material formed via reductive
electrolysis. Figure 9 displays an SEM image derived
from a region of the surface containing a single (≈ 50�
50 μm2) TCNQ microcrystal (image a) immobilized onto
an ITO surface via the drop casting method and ones
of the electrochemically synthesized Mn-TCNQ based
material (images b and c) produced as a result of reductive
bulk electrolysis of the crystal atEappl=-0.10V for 10min,
when the TCNQ-modified ITO electrode is placed in
contact with aqueous 0.10 M Mn(NO3)2 solution.
Figure 9b (low-magnification image) shows that after
10 min of reductive electrolysis, the parent TCNQ crystal
is covered with nanosized needle-like crystals. Higher
magnification (Figure 9c) reveals that these nanostruc-
tures consist of densely packed, randomly oriented,
nanorods having a length of 8-10 μm and a diameter of
about 200-300 nm. SEM images (Figure 9d) obtained
from a different region of the ITO surface, where smaller-
sized TCNQ crystals are initially present, show the for-
mation of relatively short (∼2 μm) square-shaped nano-
rods exhibiting preferred outward growth from the
originally small TCNQ crystals.
In accordance with findings associated with the redox-

based interconversion of large crystals of solid TCNQ
into the analogous M[TCNQ]2(H2O)2 (M=Fe, Co, Ni)
systems,16 SEM probing of the TCNQ/Mn-TCNQ trans-
formation at longer (15 min) electrolysis times reveals
that all faces (top, edges, and base) of the parent TCNQ
crystals are fully covered with a network of densely
packed nanowire/nanorod crystals (Figure 10 panels a
and b). The nucleation-growth process probably starts
at the base of TCNQ crystal16 where direct contact with
the electrode surface and the electrolyte solution occurs
presumably at the solid|solid|liquid triple phase junc-
tion,22 namely, in this case, ITO|TCNQ0/•-

(s)|Mn2+(aq)

electrolyte. Crystal growth is then progressively extended,
owing to the semiconducting nature of the Mn-TCNQ
crystals,11b,12 encompassing the edges as well as the top
part of parent TCNQ crystals. Interestingly, when the
TCNQ crystals are exposed to an even longer electrolysis
time (25 min) the Mn-TCNQ nanosized needle-shaped
crystals (Figure 10 panels c and d) exhibited extensive
outgrowth, particularly from the central part of the
crystal, thereby generating a hollow region and a pattern
consisting of nanorod architectures.
A significant conclusion that one can deduce from a

combination of voltammetric data and SEM images
is that dramatic changes in morphology, crystal size,
and packing density of electrochemically generated
Mn-TCNQ occurs during the course of voltammetric
and controlled potential electrolysis experiments, leading
to the observation of time-dependent nanofiber to nano-
rodmorphology conversion. Importantly, careful manip-
ulation of experimental parameters such as scan rate,

Figure 8. SEM images showing the change in morphology of electro-
chemically generated Mn-TCNQmaterial as a result of extensive cycling
of thepotential over the rangeof0.35 to-0.10V, at a scan rate of 20mVs-1,
when a TCNQ-modified ITO electrode (mechanical attachment) is in
contact with 0.10 M Mn(NO3)2(aq) electrolyte and subjected to 1.5
(image a), 5.5 (image b), and 15.5 (image c) cycles of potential.

(22) (a) Hermes, M.; Scholz, F. Electrochem. Commun. 2000, 2, 845.
(b) Deng, Y.; Wang, D.; Xiao, W.; Jin, X.; Hu, X.; Chen, G. Z. J. Phys. Chem. B
2005, 109, 14043.



9266 Inorganic Chemistry, Vol. 48, No. 19, 2009 Nafady et al.

Figure 9. (a) SEMimageof aTCNQ-modified ITOelectrode prepared via the drop castmethod. (b) SEM imagepresumably showing the formationof the
long-termMn-TCNQ based material on the surface of parent TCNQ crystal upon reductive electrolysis for 10 min at-0.10 V, when the TCNQ-modified
ITO electrode is immersed in 0.10 M Mn(NO3)2(aq) electrolyte. Image (c) shows top-view of image (b), but at higher magnification. Image (d) illustrates
Mn-TCNQ nanorods formed under the same conditions but when commencing with smaller-sized TCNQ crystals.

Figure 10. SEM images of Mn-TCNQmaterial derived by reductive electrolysis at -0.10 V of a large TCNQ crystal present on a TCNQ-modified ITO
electrode (drop castingmethod) in the presence of 0.10MMn(NO3)2(aq) electrolyte at different electrolysis times, (a) 15 min and (c) 25min. Images (b) and
(d) show higher magnifications of images (a) and (c), respectively.
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electrolysis time, number of cycles of the potential, and
method of electrode modification with solid TCNQ is a
crucial factor in controlling the morphology of the elec-
trochemically generated Mn-TCNQ based material.

3.3. Characterization of the Electrochemically Synthe-

sizedMn-TCNQBasedMaterial.To explore the chemical
identity of the stable product(s) generated via reduction
processes Ared and Bred, observed during the redox-based

TCNQ/Mn-TCNQ solid-solid interconversion, ex situ
IR, Raman, X-ray powder diffraction, and EDAX char-
acterization were undertaken.

3.3.1. IR Spectroscopy. Table 2 contains the frequen-
cies (ν) of IR bands observed for electrochemically pro-
duced Mn-TCNQ based solids, chemically synthesized
Mn[TCNQ]2(H2O)2, and literature values for related
compounds.15 Ex situ IR spectral features obtained from
solid produced by either cyclic voltammetry (ν=100mV s-1,
20.5 cycles or ν = 1 mV s-1 and 2.5 cycles) or bulk
electrolysis for 1 or 15 min at Eappl = -0.10 V were
remarkably similar. Figure 11a illustrates IR spectra in
the νCtN region obtained under conditions of cyclic
voltammetry, while Supporting Information, Figure S3
displays the full range of IR spectra of materials gener-
ated via short and long-term bulk electrolysis. In all cases,
three well-resolved and intense absorption bands are
present at 2213 ( 1, 2193 ( 1, and 2172 ( 1 cm-1 in the
νCtN stretching region. The shifts of the nitrile frequen-
cies, relative to neutral TCNQ0 (νCtN=2222 cm-1), are
as expected for a TCNQ•- radical anion coordinated to
the Mn2+ ion.15,16,23 IR bands in the νCdC stretching
region at 1510 ( 1 cm-1, assigned to π-bond delocaliza-
tion over the TCNQ phenyl ring, also provide supportive
evidence for the presence of TCNQ•- in all the electro-
chemically produced materials.15,16 In the C-H bending
regions, all spectra exhibit sharp δC-Hbending vibrations
at 825 ( 2 cm-1, again consistent with coordinated syn-
μ2-TCNQ•- ligand.15,16 Furthermore, the absence of the
lower energy C-H stretch (δC-H ∼ 806-812 cm-1),
attests to the absence of σ-dimerized [TCNQ-TCNQ]2-

dianion15 in all electrochemically generated materials.
As found with the electrochemically and chemically

synthesized M[TCNQ]2(H2O)2 (M=Fe, Co, Ni) com-
pounds,16 the Mn-TCNQ based solids also exhibit broad
bands at 3234 and 3367 cm-1 that are indicative of the
presence of coordinated water [νs(OH) and νas(OH)].
Thus, IR data for all electrochemically synthesized
products suggest that they all have the same chemical
composition. Furthermore, the excellent agreement
between these IR data and those obtained from authentic

Table 2. Summary of Characteristic Infrared Absorption Bands of Electrochemically-Synthesized Mn[TCNQ]2-Based Materials and Related Compounds

compound ν(CtN), (cm-1) ν(CdC), (cm-1) δ(C-H), (cm-1) σ-Dimer ref

TCNQ 2222 (m)a 1542(m) 858 (m) c 15
Mn[TCNQ]2 2205 (s), 2187 (s), 2137 (sh) 1505 (s) 826 (m) c 16
Mn[TCNQ]2(H2O)2 (bulk) 2211 (s), 2194 (s), 2168 (m) b 825 (m) c 17
Mn[TCNQ]2(H2O)2 (crystals) 2206 (s), 2197 (s), 2189 (m), 2166 (sh) b 823 (m) c 17
Mn[TCNQ]2(MeOH)2 2214 (s), 2191 (s), 2176 (s), 2159, 2139 (sh) b 827 (m) 804 (w) 17
[Mn(TCNQ-TCNQ)(MeOH)4]¥ 2202 (s), 2139 (s) b c 806 (m) 17
[Mn(TCNQ)(TCNQ-TCNQ)0.5(MeOH)2]¥ 2216 (s), 2187 (s), 2168 (m), 2156 (sh) b 825 (m) 802 (w) 17
Mn[TCNQ]2(H2O)2 (chemical synthesis) 2217 (s), 2201 (s), 2175 (m) 1510 (s) 826 (m) c d
Mn[TCNQ]2(H2O)2 (bulk electrolysis, 1 min) 2212 (s), 2194 (s), 2173 (m) 1508 (s) 824 (m) c e
Mn[TCNQ]2(H2O)2 (bulk electrolysis, 15 min) 2210 (s), 2196 (s), 2170 (m) 1509 (s) 823 (m) c f
Mn[TCNQ]2(H2O)2 (cyclic voltammetry, 100 mV/s) 2213 (s), 2192 (s), 2173 (m) 1509 (s) 825 (m) c g
Mn[TCNQ]2(H2O)2 (cyclic voltammetry, 1 mV s-1) 2214 (s), 2194 (s), 2171(m) 1510 (s) 823 (m) c h

aRelative intensity designations: s=strong, m=medium, w=weak, vw=very weak, sh=shoulder. bNot reported. cNot observed. dChemically
synthesized in our laboratory by reacting aqueous solutions ofMn(NO3)2(aq) with LiTCNQ as described in Experimental Section. eBulk electrolysis for
1min atEappl=-0.1V of a TCNQ-modified ITO electrode in contactwith 0.1Maqueous solution ofMn2þ(aq) electrolyte.

fBulk electrolysis for 15min at
Eappl=-0.1 V of a TCNQ-modified ITO electrode in contact with 0.1M aqueous solution ofMn2þ(aq) electrolyte.

gCyclic voltammetry at a scan rate of
100 mV s-1 for 20.5 cycles of the potential over the range 0.35 to-0.1 V using either TCNQ-modified GC or ITO electrodes. hCyclic voltammetry at a
scan rate of 1.0 mV s-1 for 2.5 cycles of the potential over the range 0.35 to -0.1 V using either TCNQ-modified GC or ITO electrodes.

Figure 11. (a) IR spectra in the ν(CtN) region for Mn-TCNQ
based material formed by cyclic voltammetry, 20.5 cycles at scan rate of
100 mV s-1 (black trace) and 2.5 cycles at 1 mV s-1 (blue trace), over the
potential range of 0.35 to-0.10 V with a TCNQ-modified ITO electrode
(mechanical attachment method) in the presence of aqueous 0.1 M
Mn(NO3)2 electrolyte. (b)Raman spectra of solidTCNQandMn-TCNQ
basedmaterial formedby reductive electrolysis (15min) atEappl=-0.10V
for a TCNQ-modified ITO electrode (mechanical attachment method)
in the presence of aqueous 0.10 M Mn(NO3)2 electrolyte. The blue and
black curves represent the same sample, but fromdifferent regions of the
electrode surface.

(23) Kaim, W.; Moscherosch, M. Coord. Chem. Rev. 1994, 129, 157.
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samples and literature data for Mn[TCNQ]2(H2O)2
15

(Table 2), confirms that the electrochemically induced
TCNQ/Mn-TCNQ solid-solid transformation gives rise
to hydrated Mn[TCNQ]2(H2O)2.
Significantly, careful comparison of the IR data ob-

tained forMn-TCNQmaterial with those reported for the
analogousM[TCNQ]2(H2O)2 (M=Fe,Co,Ni)16 revealed
the presence of two IR bands at 1404 and 1290 cm-1 in
addition to the characteristic CdCwing stretching bands
at 1355 and 1330 cm-1. Thus, the full IR spectrum for the
Mn-TCNQ material closely compares with those repor-
ted for [Mn(MAC)(TCNQ)2],

24 (MAC=2,13-dimethyl-
3,6,9,12,18-pentaazabicyclo[ 12.3.1]octadeca-1(18),2,12,14,
16-pentaene), which has been shown via X-ray crystal
structures and analysis of electron spin resonance (ESR)
data to exhibit strong intermolecular π-π stacking inter-
actions between the TCNQ radicals (3.2 Å) that lead to
interwoven infinite chains.24 Thus, it is possible on the
basis of IR data that π-π stacking interactions are highly
accentuated in the electrochemically generated Mn[TC-
NQ]2(H2O)2 material.

3.3.2. Raman Spectroscopy. Consistent with the IR
data, closely related Raman spectra were obtained for
Mn-TCNQ-based solids derived electrochemically from
TCNQ-modified electrodes in contact with aqueous
Mn2þ electrolyte solution and those obtained from
Mn[TCNQ]2(H2O)2 solids prepared chemically15 or elec-
trochemically via deposition from acetonitrile (vide
supra), thereby implying that the phase formed is inde-
pendent of the preparation method.
Inspection of the representative Raman spectra pro-

vided in Figure 11b reveals that the four most intense
and characteristic vibration modes of neutral TCNQ0 at
1206 cm-1 (CdC-H bending), 1454 cm-1 (CdCN wing
stretching), 1602 cm-1 (CdC ring stretching), and
2225 cm-1 (C-N stretching) are influenced by the one-
electron reduction to TCNQ•- and its coordination to
Mn(II) ions. In particular, the 2225 cm-1 band of TCNQ0

(red curve) is shifted by 15 cm-1 to lower frequency and its
intensity is diminished by formation of Mn-TCNQ solid,
as also found in the case of formation of isostructural
M[TCNQ]2(H2O)2 (M=Fe, Co, Ni) materials.16 More
importantly, the fingerprint vibration mode of TCNQ0

(1454cm-1) andmost sensitiveRamanband toTCNQ0/-/2-

oxidation states25 is red-shifted to 1383 cm-1 (blue curve
in Figure 11b). This significant shift (71 cm-1) in the
CdC-N wing stretching matches very well with those
found for the congeners M[TCNQ]2(H2O)2 (M=Fe, Co,
Ni),16 thereby indicating the presence of coordinated
TCNQ•- and hence formation of the Mn[TCNQ]2-
(H2O)2.
Intriguingly, one new feature did emerge in the Raman

spectra. Thus, it was noted sometimes the 1383 cm-1

band, in the Mn-TCNQ material, is accompanied by a
shoulder (black curve in Figure 11b) or even a resolved
band (Supporting Information, Figure S4) at 1342 cm-1.
This phenomenon is not believed to be a result of a
structural change induced by the Raman light source, as
repetitive collection of spectra from the same spot did not

modify the bands. Although, this new feature has
no precedent in the Raman spectra of the isostructural
M[TCNQ]2(H2O)2 (M=Fe, Co, Ni) compounds,16 ana-
logous features have been detected in the Raman spectra
of systems, such as in [Li-TCNQ]26 and [MoV(dtc)4]-
(TCNQ),27 (dtc=Me2NCS2), that exhibit extensive inter-
molecular π-π stacking interactions between the
TCNQ•- ligands and hence formation of diamagnetic
π-[(TCNQ)2]

2- dimers in the solid state. Moreover, the
possible presence of π-[(TCNQ)2]

2- in chemically synthe-
sized [Mn(TCNQ)2(H2O)2]R polymer also was suggested
by Dunbar and co-workers.15 This suggestion was based
on crystallographic evidence which revealed a rather
short (∼3.1 Å) distance between the TCNQ•- ligands
within the intra-layers of the extended 2-D polymeric
structure, which could exert extensive π-π stacking
interactions that lead to strongly coupled π-dimers at
least in some crystals. Thus, the low frequency band at
1342 cm-1 in the Raman spectra of theMn-TCNQ based
solids is tentatively attributed to the presence of extensive
π-π interactions of TCNQ•- radicals and formation of
π-[(TCNQ)2]

2- in the crystals having the fibrous mor-
phology. The IR data also support this hypothesis. The
presence of a σ-[TCNQ-TCNQ]2-dimer or theTCNQ2-

radical dianion may be ruled out, since the IR data
provide no evidence for TCNQ2-15,23 or the σ-dimerized
[TCNQ-TCNQ]2- (∼808 cm-1) dianion.

3.3.3. X-ray Powder Diffraction. X-ray diffraction ex-
periments with all electrochemically generated solids give
rise to indistinguishable powder patterns. Characteristic
diffraction peaks at 14.42�, 16.11�, 19.60�, 23.70�, 25.96�,
33.02�, and 37.46� closely match the literature values
reported for chemically synthesized Mn[TCNQ]2-
(H2O)2,

15 thereby confirming the formation of only one
crystalline polymorph identified as hydrated Mn-
[TCNQ]2(H2O)2.

3.3.4. Energy Dispersive X-ray. EDAX elemental anal-
ysis of all Mn-TCNQ materials generated under a wide
range of experimental condition via either reductive elec-
trolysis or cyclic voltammetry revealed the presence ofMn,
C, N, and O as expected for formation of the hydrated
Mn[TCNQ]2(H2O)2 material. The combined spectro-
scopic and surface science characterization of the electro-
chemically produced Mn-TCNQ solid confirms the
generation of a polymeric material of the hydrated Mn-
[TCNQ]2(H2O)2 that contains TCNQ•- ligands, strongly
coupled within inter- and intra- layers dimers, as found
with the chemically synthesized polymer.15

4. Discussion

In comparison with the previously reported redox-based
TCNQ/M[TCNQ]2(H2O)2 (M= Fe, Co, Ni) solid-solid
interconversions,16 it is evident that the manganese system
behaves differently to the Fe, Co, and Ni transition metals.
In the Mn case, the transformation process occurs via two
voltammetrically distinguishable, time-dependent redox
processes that lead to generation of Mn[TCNQ]2(H2O)2

(24) Madalan, A. M.; Voronkova, V.; Galeev, R.; Korobchenko, L.;
Magull, J.; Roesky, H. W.; Andruh, M. Eur. J. Inorg. Chem. 2003, 1995.

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

(26) Oohashi, Y.; Sakata, T. Bull. Chem. Soc. Jpn. 1973, 46, 3330.
(27) (a) Faulques, E.; Leblanc, A.; Molini�e, P.; Decoster, M.; Conan, F.;

Guerchais, J. E.; Sala Pala, J. Spectrochim. Acta 1995, 51A, 805. (b) Faulques,
E.; Leblanc, A.; Molini�e, P.; Decoster, M.; Conan, F.; Sala Pala, J. J. Phys. Chem.
B 1997, 101, 1561.
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material exhibiting nanofiber or nanorod network morphol-
ogies.
The voltammetric behavior of the Mn system while not

seen with other divalent transition metal systems, finds
analogy in the study ofChambers et al.28 onTCNQ-polyester
polymer filmsmodified electrodes in acetonitrile and aqueous
media containing alkali metal electrolytes. In that study, the
initial voltammetric reduction is assigned, on the basis of
ESR and UV-visible evidence, to facile formation of a
“mixed-valence” anion dimer radical, [TCNQ-TCNQ]•-,
via radical-substrate coupling reaction betweenTCNQ•- and
TCNQ0, where the unpaired electron is delocalized over the
two TCNQ units. The [TCNQ-TCNQ]•- is then further
reduced at a slightlymore negative potential (∼ 45mV) to the
dimer dianion, [(TCNQ)2]

2- or disproportionates to regen-
erate neutral TCNQ and TCNQ•- radical as illustrated by
eqs 1-3.

TCNQþ e-h TCNQ- ð1Þ

TCNQþTCNQ- sFRs
dim

disp
½ðTCNQ -TCNQ� 3 - ð2Þ

½ðTCNQ -TCNQ� 3 -þ e-h ½ðTCNQÞ2�2- ð3Þ

The combined voltammetric, spectroscopic, and micro-
scopic findings in this study emphasize that time plays a
crucial role in controlling the morphology of the electroche-
mically synthesized Mn[TCNQ]2(H2O)2 material. Thus, un-
der conditions of fast scan rate or very short electrolysis time
scales, electrochemical generation of Mn[TCNQ]2(H2O)2
(first route) is assumed to occur rapidly via incorporation
of Mn2þ(aq) ions, from bulk solution, into the mixed valence
anion dimer, [TCNQ-TCNQ]•-, formed via charge-transfer
reaction between initially generated TCNQ•- and solid
TCNQ0, giving rise to aMn-stabilized TCNQ anionic dimer,
[(Mn2þ)(TCNQ-TCNQ)2

•-], which is then further reduced
at a slightly more negative potential to give Mn[TCNQ]2-
(H2O)2 as described in eqs 4 and 5 in Scheme 1.
In the electrocrystallization of structurally analogous

Co[TCNQ]2(H2O)2 onto an electrode surface by reduction
of TCNQ in the presence of Co2þ in acetonitrile, reduction
of a similar Co stabilized dimer anion, [(Co2þ)-
(TCNQ-TCNQ)•-2], was suggested as a possible route for
electrodeposition of crystalline thin films of the isolated
Co[TCNQ]2(H2O)2 material.10b This pathway generated
the same morphology of a compact network of nanofibers

as that foundwhenMn[TCNQ]2(H2O)2material is formed at
short time scales. The second pathway, leading to formation
of nanorods of Mn[TCNQ]2(H2O)2, which is dominant at
long time scales (very slow scan rates) is then postulated to
take place via a disproportionation mechanism as shown by
eq 6 (Scheme 1). Different kinetics may apply in the
solid-solid phase interconversion of the analogous TCNQ/
M[TCNQ]2(H2O)2 (M=Fe, Co, Ni) systems16 and gives rise
to conditions needed to form long and thick nanorods.
In contrast to the complexity associatedwith twopathways

for the formation of Mn[TCNQ]2(H2O)2 via reduction of
TCNQ in a solid-solid transformation, the oxidation pro-
cesses (Cox and Dox) appear to be more straightforward, and
in the overall sense may be represented by eqs 7 and 8.

GC|fMn½TCNQ�2ðH2OÞ2gðnanofibersÞsf
-2e-

Cox

Mn2þðaqÞ þ 2TCNQðs,GCÞ þ 2H2O ð7Þ

GC|fMn½TCNQ�2ðH2OÞ2gðnanorodsÞsf
-2e-

Dox

Mn2þðaqÞ þ 2TCNQðs,GCÞ þ 2H2O ð8Þ
The difference in potential (∼100 mV) for oxidation

processes Cox and Dox is attributed to marked differences

in crystal size, packing arrangements and density, and mor-
phology of the Mn[TCNQ]2(H2O)2 material. Thus, egress of
the Mn2þ(aq) that accompanies oxidation of small nanofiber
crystals via process Cox is kinetically more facile (less over-
potential) than its egress from larger nanorods that occurs in
process Dox.

5. Conclusions

In contrast to the single step TCNQ/M[TCNQ]2(H2O)2
(M=Fe2þ, Co2þ, Ni2þ) solid-solid transformation processes
detected at a TCNQ modified electrode in contact with
aqueous M2þ electrolytes, the electrochemically induced
solid-solid phase transformation of microcrystalline TCNQ
into Mn-TCNQ material occurs through two voltammetri-
cally distinct, time dependent, processes that generate fibrous
and nanorod forms of Mn[TCNQ]2(H2O)2 solid. The initial
step is assumed to involve incorporation of Mn2þ(aq) ions
into TCNQ•- crystal lattice at the GC|TCNQ0/•-|Mn2þ(aq)

triple phase junction following a nucleation/growth mechan-
ism. Precise control of experimental parameters such as scan
rate, electrolysis time,Mn2þ(aq) concentration, and themeth-
od of electrode modification are postulated to facilitate
generation of Mn[TCNQ]2(H2O)2 via either a rapid and
direct electron transfer pathway or a slower one that includes
disproportionation of the Mn-stabilized intermediate.

Scheme 1

(28) (a) Gyorgy Inzelt, G.; Day, R. W.; Klnstle, J. F.; Chambers, J. O.
J. Phys. Chem. 1983, 87, 4592. (b) Karimi, H.; Chambers, J. O. J. Electroanal.
Chem. 1987, 217, 313.
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SEM images reveal that Mn[TCNQ]2(H2O)2 produced by
the two electrochemical pathways have different morpholo-
gies (nanofiber versus nanorod). However, analysis of IR,
Raman, EDAX, and X-ray diffraction data implies that the
two forms have the same chemical composition and represent
only one crystalline phase of hydrated Mn[TCNQ]2(H2O)2
solid. On this basis, the difference in peak potentials for
oxidation of the two forms, manifested by a separation of
∼100 mV in processes Cox and Dox, is attributed to differ-
ences in morphology (nanofiber versus rod-like) of the
Mn[TCNQ]2(H2O)2material and hence in kinetics associated
with rate of egress of Mn2þ(aq) from the TCNQ•- lattice. On
the basis of these findings, direct and rapid electrochemical
generation of the Mn[TCNQ]2(H2O)2 is assumed to take
place via radical-substrate coupling of TCNQ•- and neutral
TCNQ accompanied by ingress of Mn2þ ions from the
aqueous electrolyte to form a Mn-stabilized intermediate,
[(Mn2þ)(TCNQ-TCNQ)2

•-], which undergoes further re-
duction at a more negative potential to form a polymeric
Mn[TCNQ]2(H2O)2 material as a nanofiber network. On the
other hand, formation of the nanorods of Mn[TCNQ]2-
(H2O)2 form may be assisted by slow disproportionation of
the initially formed intermediate, followed by regeneration of
neutral TCNQ, which is involved again in the reduction
process.

Voltammetric findings suggest that differences of the
electrochemically induced TCNQ/Mn[TCNQ]2(H2O)2
solid-solid interconversion compared to other TCNQ/
M[TCNQ]2(H2O)2 (M=Fe, Co, Ni) family members of
the divalent transition metal may arise from kinetically
controlled accessibility of two time-resolved routes for its
formation. Importantly, this allows tuning of the mor-
phology of the electrochemically generated Mn[TCNQ]2-
(H2O)2 material.
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