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The origins of extensive solid—solid-state interconversions that accompany the electro-
chemistry of microparticles of tetracyanoquinodimethane (TCNQ) and semiconducting
CUuTCNQ (phases I and 11) adhered to glassy carbon (GC) electrodes, in contact with CuSOaag)
electrolyte, have been identified. Ex situ analyses with electron microscopy, infrared
spectroscopy, and X-ray diffraction have been used to identify the phase changes that occur
during the course of potential cycling or bulk electrolysis experiments. All redox-based
transformations require extensive density, volume, and morphology changes, and conse-
qguently they are accompanied by crystal fragmentation. The net result is that extensive
potential cycling ultimately leads to the thermodynamically favored TCNQ/CuTCNQ(phase
I1) solid—solid interconversion occurring at the nanoparticle rather than micrometer size
level. The overall chemically reversible process is described by the reaction TCNQ?S’GC) +C
uf;) + 2e” = CuTCNQcc)(phase I or phase I1). Needle-shaped CuTCNQ(phase I) crystals
having a density of 1.80 g cm™2 are predominately formed in the first stages of potential
cycling experiments that commence with micrometer-sized rhombic-shaped TCNQ crystals
of density 1.36 g cm~3. The rate of subsequent formation of thermodynamically stable
CUuTCNQ(phase Il), which has an intermediate density of 1.66 g cm~2 and a crystal shape
more like that of TCNQ, is dependent on the number of potential cycles, the scan rate, and
the initial size of the adhered TCNQ crystals. Evidence obtained by cyclic voltametry and
double potential step techniques indicate that the formation of CuTCNQ(phase I and I1)
involves a rate-determining nucleation and growth process, combined with the ingress and
reduction of Cuf;) ions (from the electrolyte). The reactions involved in the process are
believed to be TCNQ ¢, + €™ + Cufyy) = [Cu?*][TCNQ Js cc and [Cu*][TCNQ Jscc + e~ =
[CUT[TCNQ ]scc in which CUTCNQ(phase 1) is formed initially and then CUTCNQ(phase
I1) after a large number of potential cycles. The reverse oxidation process involving the
transformation of solid CuUTCNQ(phases | and I1) to TCNQ also involves a nucleation—growth
multistep process and significant crystal size and morphology changes. Finally, data led to
the postulation of a mechanism for the formation of CUTCNQ compounds via chemical
reaction pathways in which the existence of the electrochemically inferred transitional Cu?*

TCNQg intermediate also is included.

Introduction NC CN
TCNQ (7,7,8,8-tetracyanoquinodimethane, structure NC> < > <CN

1), has been characterized and studied extensively for

Structure 1: 7,7,8,8-tetracyanoquinodimethane, C ;H,N,
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redox-active organic molecule, which, upon reduction,
may be used as a component of a charge-transfer
complex with conducting properties.”?

The existence of charge-transfer salts was established
almost immediately after TCNQ was first synthesized
and applications are now common.1°=30 For example,
TCNQ salts based on copper and silver have been
synthesized, and these and other transition metals
exhibit semiconducting properties as well as on/off
switching characteristics and memory effects.31 4!
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The solid state electrochemistry of TCNQ-modified
electrodes in contact with aqueous solutions of group |
cations has significantly enhanced understanding of the
ingress and egress of the ions required for charge
neutralization.?6:27.42 On this basis, it would be envis-
aged that electrochemical studies aimed at elucidating
the electron- and ion-transfer properties of transition
metal semiconducting TCNQ compounds would be
widespread. However, electrochemical studies on this
class of compound have been uncommon, even though
many methods of adhering microcrystals to electrode
surfaces and exploring solid—solid redox-based inter-
conversion processes are now well-developed.*3

In the present study, the redox chemistry of solid
CUTCNQ and TCNQ in the presence of aqueous Cug.,
solutions has been explored in detail using chemically
modified glassy carbon (GC) electrodes. In this situation,
the copper cation from the electrolyte is itself redox-
active and need not be solely transported in and out of
a solid TCNQ lattice for charge neutralization purposes
so that the electron-transfer—charge neutralization
process can be a more complex case than when group |
cations are incorporated into the TCNQ™ structure.
Furthermore, structures 2a and 2b illustrate the dif-

Structures 2a and 2b: Coordination of TCNQ units
around the Cu atom in: (a) CuTCNQ(phase I); and

(b) CuTCNQ(phase II). Nitrogen atoms in blue,
carbon in white, copper in orange. Drawn with the
aid of Atoms 5.1 software using data reported by
Heintz et al.”
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either of which could be formed by electrochemical
synthesis. It needs to be noted that their densities of
1.80 and 1.66 g cm™3, respectively, differ significantly
from each other and also from that of TCNQ (1.34 g
cm~3).44 In addition, the unit cell for TCNQ is nearly
twice that of either CuTCNQ(phase 1 or I1). (The unit
cell For TCNQ is 1030.86 A3, for CUTCNQ(phase 1) it
is 493.5 A3, and for CUTCNQ(phase I1) it is 535.38 A3,
(See refs 1 and 32.) Hence, large volume changes must
accompany the solid—solid interconversions. Conse-
quently, in addition to exploring the kinetics and
thermodynamics of solid—solid interconversion, we have
also attempted to characterize the morphology and
crystal size changes that occur during the course of
TCNQ/CuTCNQ(phase I or I1) solid—solid transforma-
tions. Data observed by microanalysis, microscopy,
X-ray diffraction, and infrared spectroscopy have been
used to support our conclusions.

Experimental Section

Chemicals and Synthesis of CUTCNQ. All chemicals
(analytical grade) were obtained from Aldrich, while copper
disks and copper foil were obtained from Goodfellow. Stock
solutions of TCNQ were prepared in acetonitrile (spectroscopic
grade, Aldrich) and stored in the dark. Copper specimens (used
to synthesize CUTCNQ thin films on a copper metal surface)
were polished with 800 and 4000 grit SiC paper (Struers) and
then cleaned in 0.5 M sulfuric acid and rinsed with ethanol
prior to use. Synthesis and characterization of CuTCNQ
complexes were based on procedures described by Heintz et
al.3? CUTCNQ thin films of phase I (structure 2a) were made
by reaction of a clean Cu metal surface with a 10 mM TCNQ
solution in acetonitrile for 1 h at room temperature (293 K),
or more rapidly by dipping the Cu metal for 3 min into the
same acetonitrile solution of TCNQ, now heated to 343 K.
CuTCNQ thin films of phase Il (structure 2b) adhered to a
copper surface were made by dipping copper metal disks into
an acetonitrile solution that was saturated with TCNQ for 1
h at 343 K. After reaction, the CUTCNQ(phase II) thin films
were thoroughly rinsed with acetonitrile and dried under
vacuum. CuUTCNQ, crystals as isolated solids, were prepared
by reacting Cul with TCNQ dissolved in acetonitrile for 3 min
at 343 K under nitrogen. The dark blue needle-shaped crystals
(phase I) were recovered by filtration, washed with acetonitrile,
and then dried in a vacuum at 0.01 Pa. Conversion of phase |
to phase Il was performed by refluxing a suspension of phase
I material in acetonitrile at 353 K for 3 h. Recovery of the
phase Il square-shaped crystals was the same as that for phase
I needles.

Instrumentation and Procedures. Infrared (IR) spectra
were obtained using a Bruker Equinox 55 spectrometer and
IR Scope Il infrared microscope. The IR spectra of thin films
of CUTCNQ adhered to metallic copper were obtained with the
aid of an inverted Praying Mantis (Harrick Scientific) diffuse
reflectance optical accessory. IR spectra used to identify
compounds that had formed on the surface of the glassy carbon
electrode during the course of voltammetric or controlled
potential electrolysis experiments were collected with the same
apparatus. In these latter analyses, the electrodes to which
the solid to be identified was adhered were gently immersed
in distilled water after the electrochemical experiment, the
excess water was removed, and the surface was dried under a
stream of argon. The chemically modified electrode was then
mounted in a collar to facilitate accurate downward positioning
above the diffuse reflectance accessory so that the surface of
the electrode was in the focal plane of the incident IR beam.
Powder IR spectra of chemically synthesized CuTCNQ com-
plexes were collected by rubbing the solid into 800 grit SiC

(44) Long, R.; Sparks, R.; Trueblood, K. Acta Cystrallogr. 1965, 18,
932-939.
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Table 1. Band Assignments and Infrared Absorption
Frequencies for CuTCNQ Compounds Prepared
Chemically and Electrochemically?3:19.32.34.40

method of preparation  vsg (cm™1) V19 Va3 V2 (cm™1)
electrolysis? 826 2201, 2208sh 2170
cyclic voltammetry®? 825 2210, 2201sh 2170
copper substrate® 825 2201 2171
copper substrated 823 2210 2172
synthesis from Cul® 825 2202 2171
synthesis from Culf 824 2212 2171

a Electrolysis at 0.220 V for 15 min of TCNQ-modified GC
electrode in the presence of 0.1 M CuSOag) electrolyte.  Electrode
conditions as for footnote a but after 50 cycles of the potential over
the range 0.6—0.2 V at a scan rate of 0.020 V s~1. ¢ CuTCNQ(phase
1) formed from 3-min reaction of Cu metal in 10 mM TCNQ-—
acetonitrile solution at 343 K. 4 CUTCNQ(phase 11) formed from
70-min reaction of Cu metal in 10 mM TCNQ-—acetonitrile solution
at 343 K. @ CuTCNQ(phase I) from Cul—TNCQ reaction for 3 min
in acetonitrile at 343 K. f CuTCNQ(phase I1) from Cul-TNCQ
reaction for 1 h in acetonitrile at 343 K.

paper (with subtraction of the background paper spectrum).
In other IR experiments, a 10x reflectance objective was
employed with the IR microscope. Adjustment of knife-edge
apertures reduced the analysis area to approximately 100 x
100 um in dimension.

Electron microscopy images were obtained with a Philips
XL30 field emission gun scanning electron (FEGSEM), while
energy-dispersive X-ray spectra were collected using an Oxford
Link EDAX system. To remove electrochemically synthesized
compounds from the GC electrode, the dried surface was
pressed onto double-sided carbon tape. This procedure led to
solid being transferred to the carbon tape and hence to a
surface that was convenient for obtaining SEM images.
Microcrystals were imaged with accelerating voltages between
2 and 12 keV, using both backscatter and secondary electron
detectors. Optical microscopy was achieved with an Olympus
BX-51M optical microscope with 10x, 20x, and 50x magni-
fication and the images were captured with a DM-12 digital
camera. X-ray powder diffraction patterns of CUTCNQ(phase
I and 11) powder (obtained from metal foils or from chemical
synthesis) mounted on a low-background single-crystal silicon
wafer were obtained using a Philips X'Pert diffractometer
equipped with a Co long fine focus tube operated at 40 kV and
40 mA. Diffraction patterns of the compounds resulting from
electrolysis of TCNQ)-modified indium tin oxide (ITO) elec-
trodes in 0.1 M CuSOung Were obtained using the same
instrument. The beam path was defined using 1° divergence,
0.2-mm receiving, and 1° scatter slits. Soller slits were inserted
in both the incident and diffracted beams. A curved graphite,
post diffraction monochromator was used to eliminate K-beta
radiation. The data were collected from 5° to 90° 26 in steps
of 0.02° with a counting time of 3.5 s step™*.

All electrochemical measurements were carried out at 294
K using a Princeton Applied Research Model 283 potentiostat.
The electrochemical cell consisted of an aqueous Ag|AgCI (3.5
M NacCl) reference electrode (Bioanalytical Systems), a plati-
num counter electrode, and a 1.5-mm-diameter GC working
electrode (Cypress Systems). All potentials are reported as volt
versus the Ag/AgCI reference electrode. Argon was used to
sparge the aqueous solutions in which chemically modified GC
electrodes were placed, and a flow of this gas was maintained
above the solution during the course of electrochemical experi-
ments.

TCNQ was adhered to the GC macrodisk electrode by
dipping the electrode into a solution of 10 mM TCNQ in
acetonitrile. The electrode was then removed from the solution
and a “film” of microcrystals was formed by hanging the
electrode face down and allowing the droplet of acetonitrile
(containing dissolved TCNQ) to evaporate. This procedure
leads to the formation of rhombus-shaped crystals with a
length of between 5 and 20 um (Figure 1la) and which are
regularly spaced on the surface of the electrode. Excess TCNQ
solid not in contact with the GC surface was carefully removed
from the body of the electrode.
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Figure 1. SEM images representative of crystals adhered to a GC electrode surface: (a) TCNQ; (b) CuUTCNQ(phase I) formed by
the reaction of Cul with TCNQ dissolved in hot acetonitrile; (c) CuUTCNQ(phase Il) formed by an extended period of reaction of
CuTCNQ(phase 1) with hot acetonitrile; (d) CUTCNQ(phase 1); (e) phase Il formed on the surface of Cu metal by the reaction of

copper metal with a 10 mM TCNQ solution in acetonitrile.

Images of micrometer-sized CUTCNQ(phase | and I1) crys-
tals prepared by bulk synthesis are shown in (b) and (c) of
Figure 1. Crystals prepared on copper metal surfaces (Figure
1d,e) differ significantly in size. (CUTCNQ phases formed on
a copper metal surface and imaged in Figure 1d,e are top down
views of the crystals. As a result, phase | needles are observed
to be highly oriented normal to the surface of the copper metal
from which they grew, while phase Il is observed as a layered
structure. Images of CUTCNQ phases shown in Figure 1b,c
were obtained by transferal of crystals obtained by synthesis
from Cul and TCNQ to a carbon tape. Consequently, in this
case, a scattered orientation of the needlelike crystals is
observed for phase | and cubic platelets for phase 11.) CUTCNQ
samples were adhered to the GC electrode by first dispersing
the powders in a minimum amount of distilled water and then
placing a small droplet on the electrode surface and allowing
the water to evaporate under ambient conditions. CUTCNQ
compounds formed on copper metal were first carefully re-
moved from the surface of the copper foil or disk and then

adhered to the GC electrode, as was the case with chemically
synthesized CuTCNQ crystals. Small amounts of the samples
used to form chemically modified electrodes were inspected
by electron microscopy, X-ray diffraction, and FTIR spectros-
copy to ensure the purity and identity of the compound. Data
obtained on the CUTCNQ phases (Table 1) shows that the
method of synthesis has very little effect on their IR spectra.
For the CUTCNQ complexes, the CN stretch was centered at
2202 and 2171 cm™! and 2210 and 2171 cm™* for phase | and
phase Il, respectively. In both phases, vso was observed at
about 825 cm™, thus confirming the existence of univalent
TCNQ.* X-ray diffraction patterns for the chemically synthe-
sized CUTCNQ(phase | and Il) compounds have been provided
as Supporting Information.

Results and Discussion
Voltammetry of Solid TCNQ in CuSOgq) Solu-

tions. Cu(zaz) can be reduced to Cu metal at potentials
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Figure 2. Cyclic voltammograms at a GC electrode in contact with 0.1 M CuSOuq over the potential range 0.6—0.2 V at a scan
rate of 0.020 V s™% (a) for an unmodified electrode; (b) the first two cycles of potential for the TCNQ-modified GC electrode where
the TCNQ particle size is like that shown in Figure 1a; (c) the fifth cycle at the TCNQ-modified electrode; (d) the 10th to 50th
cycle at the TCNQ-modified electrode showing every 10th cycle. The arrows indicate the sweep direction.

more negative than 0.175 V at a GC electrode. However,
voltammograms for reduction of TCNQ microcrystals
adhered to a GC electrode surface in contact with aque-
ous copper sulfate solutions can be observed because the
process occurs in a potential range prior to the onset of
copper deposition (Figure 2a). With TCNQ adhered to
the electrode surface, cyclic voltammograms obtained
for the first two cycles of the potential are extremely
complex. With respect to the conditions of Figure 2b,
and in the first sweep of the potential from 0.6 to 0.2 V,
the onset of faradaic reduction current is detected at
0.240 V. In the course of the reverse sweep from 0.2 to
0.6 V, the current decreases initially but then again
increases until a potential of 0.300 V is reached. The
charge associated with a reduction on the first sweep
is significantly greater than that for oxidation, implying
a net accumulation of product of reduction occurs in the
initial stage of the experiment. On the second sweep
from 0.6 to 0.2 V, reductive faradaic current is detected
at 0.300 V and continues to increase until the peak
potential of 0.262 V is achieved. Subsequent cycles
become more reproducible, with the magnitude of the
peak currents increasing with each cycle. After five
cycles of the potential (Figure 2c) the magnitude of the
charge associated with the overall reduction and oxida-
tion process is 28 x 107°>and 26 x 107° C, respectively,
which implies that chemical reversibility is achieved
under these conditions. However, the process is far from

electrochemically reversible as there is a very large gap
in the peak potential for the reduction process (E,r]ed
and for the oxidation process (E ) of about 0.190 V.

Furthermore, significant complexity in this process
is indicated as the peak heights (Il[,eOI and 17°) are
dissimilar. In summary, voltammograms after five
cycles are characterized by inert zones (an absence of
significant faradaic current) when sweeping the poten-
tial in the negative direction from 0.2 to 0.6 V to until
about 0.340 V, after which a sharp symmetrical peak
having a half-width of about 50 mV is detected. In
contrast, during the reverse potential sweep direction
from 0.2 to 0.6 V, the initial inert zone is followed by a
slow rise in current at 0.395 V, prior to the onset of a
more asymmetric oxidation peak (E;* = 0.435 V) than
encountered with the reduction process. The minor
process that occurs prior to this main oxidation peak
may be a transient solution-based process associated
with the limited solubility of a reduction product.

While Figure 2c¢ has the appearance of a stable steady-
state response, this is not the case, as evidenced by the
fact that voltammograms obtained from the 10th to the
50th cycles of potential (Figure 2d) show a shift in EJ*
from 0.453 to 0.485 V. The observation of an oxidation
process at 0.453 V (ng'l) being replaced by one at
0.485 V (Eg"’z) on extended cycling of the potential
suggests that slow transformation of an initially formed
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Figure 3. Cyclic voltammograms obtained at a scan rate of
0.020 V s~ for a TCNQ-modified GC electrode in contact with
0.1 M CuSOunq. The initial cycle is the third cycle, which
repeats a quasi-steady state. On the next (fourth) cycle, the
potential is reversed at the foot of the reduction wave, which
induces a hystereses loop into the voltammogram, as indicated
by the arrows.

solid occurs and generates a thermodynamically more
favored form of the solid.

The current loops detected in Figure 2b are indicative
of nucleation and growth processes. Even more convinc-
ing evidence for the presence of this rate-determining
step is contained in cyclic voltammograms switched at the
onset of the reduction process and double-potential step
experiments.*>46 In the cyclic voltammogram shown in
Figure 3, on the fourth cycle, the potential was switched
at 0.280 V, which corresponds to the foot of the reduction
process, rather than at 0.200 V, as in the preceding
cycles. This protocol induces a current loop that is highly
characteristic of a nucleation-growth process and also
produces a zero current crossover potential of 0.361 V.

Figure 4 summarizes the results of a series of double-
potential step experiments conducted on a TCNQ-
modified GC electrode, which has been subjected ini-
tially to one potential cycle at a scan rate of 0.020 V s™1
over the potential range of 0.6—0.2 V. (This procedure
was performed to “break-in” the TCNQ crystals which
were freshly adhered to the GC electrode. Not perform-
ing one initial cycle of the potential necessitated the use
of step potentials near the limits of the potential range,
resulting in data that was not reproducible.) After each
potential step, current transients show a charging
current spike followed by a subsequent increase and
then decrease in faradaic current over the next 2—30 s
(Figure 4b,c). Again, these current—time profiles are
diagnostic of the existence of a rate-determining nucle-
ation-growth process. The magnitude of the total charge
associated with reduction and oxidation (Figure 4a) is
equal at 11.49 x 1074 and 10.92 x 10~ C, respectively,
as expected for a chemically reversible process (capaci-
tive charge subtracted). The current transients (Figure
4b,c) explicitly show that the rate of charge accumula-
tion during both reduction and oxidation processes are
directly influenced by the potential chosen for reduction

(45) Fletcher, S.; Halliday, C. S.; Gates, D.; Westcott, M.; Lwin, T;
Nelson, G. J. Electroanal. Chem. 1983, 159, 267—285.

(46) Armstrong, R. D.; Metcalfe, A. A. J. Electroanal. Chem. 1976,
71, 5-19.

Neufeld et al.

only. Other experiments (data not presented) showed
that the rate of charge accumulation associated with the
oxidation process varied further by setting different
oxidation step potentials.

A definitive structure identification of the product of
reduction of TCNQ(s) requires analysis of single-crystal
data from an X-ray diffraction measurement. In the
voltametry of TCNQ) adhered to a GC electrode in
contact with aqueous solutions of group | metal ions,
the combined process of charge transfer and of ion
insertion for charge neutralization is defined (X-ray
diffraction evidence) by eq 1:%7

xTCNQ?S’GC) +ye + yM(*;q) =
(M)(TCNQ)(TCNQ), _, s.cc) (1)

In the present study, IR spectra have been primarily
used to identify the formation of copper—TCNQ com-
plexes. This approach was taken primarily due to the
difficult task of obtaining diffraction patterns from the
newly formed material on the surface of a GC electrode.
However, in an experiment using indium tin oxide
(ITO)-coated glass as the electrode material, a diffrac-
tion pattern was obtained from the electrolysis product
(Figure 5). In this diffraction pattern, there are signifi-
cant effects of preferred orientation of both the unre-
acted TCNQ and of the CuTCNQ compound, resulting
in an enhancement of selected peak intensities relative
to a “normal” powder pattern. Diffraction peaks ob-
served at 12.66°, 25.48°, and 38.62° 26 (Co Ko radiation)
correspond to the (200), (400), and (600) reflections of
TCNQ. The observation of these peaks, and not those
from other crystallographic directions, is consistent with
the morphology of TCNQ. In these samples TCNQ is
present as rhombus-shaped (Figure 1a) platelets that
are relatively thin along the a axis and hence lie flat
on the substrate with the (h00) axis normal to the
substrate. To appreciate the orientation effects, the
vertical bar graph in Figure 5 shows the position and
relative intensity of the powder diffraction pattern of
TCNQ from the JCPDS-ICDD database (entry number
33-1899). The most intense diffractions observed by
Long** for TCNQ are at12.64°, 21.61°, 24.94°, and 32.05°
260. Three of these reflections are missing from the
diffraction pattern due to the fact that they are not
oriented correctly to allow diffraction to occur. The
diffraction peaks from electrolysis product (labeled
CuTCNQ I) at 12.90°, 18.28°, and 25.96° 20 match the
powder diffraction pattern obtained from the chemically
synthesized CUTCNQ(phase I). The inset in Figure 5
shows clear separation between diffraction peaks at
12.66° (TCNQ) and 12.90° (CuTCNQ phase 1). In this
experiment, solid TCNQ was adhered to the electrode
surface in the same way as described for the GC
electrode, and after the electrolysis, the electrode was
rinsed with distilled water and dried in air. The
electrode with both CuTCNQ and unreacted TCNQ was
then subjected to a gentle rinse with acetone. This
procedure assisted in reducing the intensity of diffrac-
tion originating from TCNQ by selectively dissolving it.
In support of this diffraction evidence, IR spectra (Table
1) obtained from the same experiments (on both the
modified GC and ITO electrode) exhibit major absorp-
tion frequencies at 2201 and 2170 cm™! that closely
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Figure 4. Double-potential step chronoamperograms for a TCNQ-modified GC electrode in contact with 0.1 M CuSQuyq): (a) -t
curves obtained when the potential is stepped from 0.600 to 0.280 V and then back to 0.450 V to induce the reduction and oxidation
processes respectively; (b) 1—t curves are shown for the reduction processes when the potential is stepped from 0.600 to 0.250,
0.280, 0.300, and 0.320 V to induce reduction; (c) as for (b), but in this case I1—t data are displayed when the potential is stepped

back to 0.450 V to induce oxidation.

resemble that obtained with an authentic CUTCNQ-
(phase 1) sample. However, detection of a poorly resolved
shoulder at 2208 cm~1 implies that a small amount of
CuTCNQ(phase I1) also may be present.

The IR analysis of the solids formed when an excess
of 50 cycles of the potential (Figure 2d) are undertaken
(Table 1) exhibits a primary absorption peak centered
at 2210 cm™1, which is expected if CUTCNQ(phase 11)
is formed. A relatively small peak detected at 2223 cm™!
in these experiments is expected, as unreacted TCNQ
also will be present. IR spectra after 5 and 50 cycles of
the potential are provided as Supporting Information.
Diffraction peaks from compounds formed after 50
cycles of a TCNQ-modified ITO electrode were detected
for TCNQ and CuTCNQ(phase 1) as described above,
in addition to very weak peaks at 10.90° and 19.5° 26.
These peaks could be attributed to CuUTCNQ(phase I1).
It is conceivable that detection of such minute amounts
of oriented crystalline compounds is beyond the capabil-
ity of this conventional X-ray instrument.

The X-ray data from the ITO electrodes in combina-
tion with the IR data obtained from electrochemical
experiments using GC electrodes modified with TCNQ
particles (of an initial size shown in Figure 1a) imply
that when TCNQ is reduced in the presence of CuZ;
electrolyte ions, CUTCNQ(phase 1) is formed initially,
but during the course of extensive potential cycling,
CuTCNQ(phase 1) is converted to the thermodynami-
cally more stable CUTCNQ(phase I1). That is, initially
eq 2 applies and, after a time, eq 3 applies with solid—
solid transformations involving rate-determining nucle-
ation-growth process:

TCNQs o) + Cllfag 26" = CUTCNQ 5 o0
(phase 1) (2)

TCNQ(s )+ Clfzg + 26 == CUTCNQ(s o,
(phase I1) (3)

Intriguingly, the copper ion associated with the TCNQ
complexes formed in both egs 2 and 3 is in the univalent
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Figure 5. X-ray diffraction pattern (Co Ka) for a TCNQ)-
modified 1TO-coated glass electrode in contact with 0.1 M
CuSOyq) at a potential of 0.220 V for 15 min. Peaks corre-
sponding to unreacted TCNQ, CuTCNQ(phase I), and indium
tin oxide (ITO) are labeled. Inset: an expansion of the 20 axis
from 11.5° to 14°. The bar graph shows the position and
relative intensity of a powder diffraction pattern of TCNQ.

rather than divalent oxidation state.3240 Hence, in this
instance Cu(zaJ;) electrolyte ions are involved in both the
charge neutralization and electron-transfer processes so
that a significant difference exists relative to studies
involving reduction of TCNQ in the presence of redox
inactive electrolytes (see eq 1). However, neither the
electrochemical nor IR data explain how a transitional
phase I species is formed prior to the thermodynamically
favored phase Il. To interrogate this aspect of the
problem, knowledge of the morphological changes that
accompany the redox chemistry are needed.
Characterization of Morphological Changes That
Accompany the Solid—Solid Electrochemical
Transformations. Figure la provides an image of
TCNQ as initially adhered to the electrode surface
(almost perfect micrometer-sized crystals). Figure 6
contains electron micrographs that reveal the morphol-
ogy of the CUTCNQ complex formed as a result of 15

3 jm
i for 15 min

Neufeld et al.

min of reductive electrolysis at 0.220 V when TCNQ is
adhered to a GC electrode in contact with 0.1 M
CuSOy(aq). The image on the left shows the high level of
fragmentation of the TCNQ crystal that occurs upon
transformation to CuTCNQ(phase 1). The lower mag-
nification image on the right-hand side shows the
distribution of these fractured crystals formed on the
surface of the electrode. Noteworthy is the fact that
because the face of the electrode was pressed into the
carbon tape, the view represents that of the adhered
solid that was in direct contact with the electrode
surface. Clearly, the solid formed by electrolysis does
not exhibit the rhombus shape of the parent TCNQ
compound (Figure 1a). Close inspection of the surface
of newly formed solid (Figure 7) reveals the presence of
finely divided, individual needle-shaped crystals about
500 x 20 nm in dimension that are very tightly packed.
This morphology is exactly that of CuTCNQ(phase I).
EDAX analysis of the solid formed by reductive elec-
trolysis confirmed the presence of Cu (Figure 7) as well
as the existence of carbon and nitrogen (see Structure
2). The absence of sulfur confirms that there is no
contamination from the CuSOuq) electrolyte.

Even at the highest possible magnification, SEM
images of TCNQ crystals adhered to the electrode which
had been in contact with 0.1 M CuSOyq) for 20 min,
but in the absence of any applied potential, showed that
no spontaneous transformation in the morphology oc-
curred. Furthermore, EDAX analysis showed the ab-
sence of copper and sulfur. This control experiment
revealed that the morphology changes are solely at-
tributed to reductive electrolysis and concomitant for-
mation of CUTCNQ(phase I).

The SEM method also can be used to elucidate the
nature of the solid-state changes that accompany oxida-
tive electrolysis of the CUTCNQ(phase I) back to TCNQ.
After oxidation of CuTCNQ(phase 1), the images in
Figure 8 show the presence of dispersed small rhombus-
shaped TCNQ crystals which are in contrast to the very
much larger crystals of TCNQ initially presented (Fig-
ure 1a). In particular, the image on the right-hand side
is a higher magnification micrograph that specifically
illustrates the characteristic morphology of TCNQ.
Clearly, the morphology of the CuUTCNQ crystals formed
by electrochemical reduction (identified in Figures 6 and
7) is vastly different from that of TCNQ (Figure la),

n Det Exp F———— 100um

S 13 tk10s clrolysis for 15 min

Figure 6. SEM images of CUTCNQ formed by reductive electrolysis for 20 min at 0.220 V when TCNQ adhered to GC electrode
is in contact with 0.1 M CuSOuq) electrolyte: (left) a single-crystal cluster; (right) the distribution of clusters.
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Figure 7. (Left) High-resolution image of the surface of CuTCNQ formed by reductive electrolysis of TCNQ (conditions as in
Figure 6) adhered to a GC electrode in contact with 0.1 M CuSO4iq and (right) an EDAX spectrum obtained from electron

microprobe analysis of this surface.
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Figure 8. Images showing the formation of microcrystals of TCNQ after the sequence of reductive electrolysis of TCNQ to form
CuTCNQ(phase 1), followed by oxidative electrolysis of CUTCNQ when solid is adhered to a GC electrode in contact with 0.1 M
CuSOuaq). The left-hand image shows the morphology of a TCNQ crystal formed by this reduction—oxidation cycle. The higher
magnification right-hand image shows the development of microcrystals of TCNQ, which should be compared to the crystals

initially presented (see Figure 1a).

implying that the major structural changes accompany
the nucleation crystal-growth steps.

The detection of drastic crystal size and morphology
changes associated with electrolysis at constant poten-
tial indicated a need to identify the nature of the solid
material formed on the electrode surface after potential
cycling experiments. It is reasonable to assume that the
large density (and volume) difference between TCNQ
and CuTCNQ(phase 1) of 1.34 g cm~3 (1030.8 A3) and
1.80 g cm~2 (493.5 A3), respectively, could lead to a
drastic change in crystal size. To achieve these changes,
crystals must fragment and become partitioned. Hence,
a shift in the size distribution of electrochemically active
particles toward smaller sizes occurring during each
cycle of the potential may account for the shift in the
oxidation peak potential noted in Figure 2d. Micro-
graphs (Figure 9) illustrate the dominance of square-
shaped platelet morphology (amidst needle-shaped crys-
tals) after a TCNQ-modified electrode had undergone
50 potential cycles at a scan rate of 0.020 V s™1. The
similarity in the morphology of crystals observed after
50 cycles of the potential (Figure 9) and synthesized
CuTCNQ(phase I1) (Figure 1c,e) combined with the
X-ray diffraction and IR data, provides convincing
evidence that although CuTCNQ(phase 1) is initially
formed, CUTCNQ(phase Il) is the dominant of the two

copper complexes present upon extensive potential
cycling with a TCNQ-modified electrode in the presence
of Cuf,, electrolyte.

The observations of crystal size decreases on reduction
of TCNQ to CuTCNQ(phase 1) and during the course of
oxidation back to TCNQ, in the early stages of potential
cycling experiments, implies that the TCNQ/CuTCNQ-
(phase 11) process is only possible when very small sized
crystals are adhered to the GC electrode surface. In the
first cycle, TCNQ crystals are on average about 10 x
10 um in size (Figure la). These are progressively
altered to a dimension of less than 1 x 1 um (Figure 8)
initially, via the formation and subsequent oxidation of
nanometer-sized CuTCNQ(phase 1) back to TCNQ.
During subsequent cycles, the dimensions of the TCNQ
crystals continue to be further reduced in size until a
lower size limit is achieved, which allows the formation
of CUTCNQ(phase Il), and hence the observation of a
steady-state voltammogram involving the TCNQ/CuTC-
NQ(phase I1) process. Formation of CUTCNQ(phase I1)
must therefore result from the energetically favorable
solid—solid transformation from very small nanometer-
sized TCNQ crystals to nanosized CuTCNQ(phase II).
It is likely that the solid—solid transformation at the
nanometer particle size occurs with a minimal distortion
in the morphology of the crystal.
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Figure 9. Images after completion of 50 cycles of the potential (0.6—0.2 V) when a TCNQ-modified GC electrode is in contact
with 0.1 M CuSOsq electrolyte. The left-hand image explicitly shows the high-density formation of sub-micrometer square-
shaped crystals. The right-hand image reveals the presence of square-shaped crystals overlaying needle-shaped crystals.

Solid-State Electrochemistry of CUTCNQ Com-
pounds. The voltametry of CUTCNQ compounds (phase
I or 11) adhered to a GC electrode in contact with 0.1 M
CuSOyq electrolyte, as expected, is closely related to
that found with a TCNQ-modified electrode. However,
some important differences are observed that are re-
lated to crystal size. In the voltammograms shown in
Figure 10a, the initial potential was set at the open
circuit potential with 0.1 M CuSO4,q as the electrolyte.
The potential was then swept to 0.6 V at a scan rate of
0.020 V s7! and then returned to the initial potential.
Typically, three cycles of the potential were performed
over this potential range. Under these conditions, oxida-
tion of CUTCNQ(phase 1) formed by electrolysis pro-
duced a well-defined and reproducible peak (0.462 +
0.004 V). However, the charge associated with the
voltammetric oxidation process was always significantly
less (62—75%) than the charge consumed during its
formation by controlled potential reductive electrolysis.
This implies that a mixture of CUTCNQ(phase 1) and
TCNQ is present on the electrode surface under these
voltammetric conditions (also consistent with data
presented above). Analogous experiments conducted on
CuTCNQ phases produced by the reaction of TCNQ with
Cul resulted in oxidation peak potentials in the range
0.434—0.538 V (for phase I) and from 0.558 V to greater
than 0.700 V for phase Il. CUTCNQ phases produced
from the reaction of Cu metal with dissolved TCNQ
produced oxidation peak potentials in the range 0.442—
0.523 V (phase I) and from 0.447 to 0.587 V (phase II).
Clearly, identification of the phases by experiments of
this kind is not possible as the crystal size and morphol-
ogy also contributes to observed peak potentials. Rep-
resentative voltammograms from these experiments
when the potential is cycled in a restricted range are
shown in Figure 10a.

Potential cycling experiments over the range 0.6—0.2
V when CuTCNQ phases are adhered to the GC
electrode clearly lead to the formation of solid TCNQ
when oxidation occurs, and hence contains features
found with the solid TCNQ-modified electrode. Thus,
experiments commencing with CuTCNQ(phase 1) re-
sulted in a slow decrease in 1;* of the initially detected
oxidation peak (E* = 0.438 V) and the emergence of a
peak (E* = 0.480 V) at more positive potentials (Fig-

ure 10b) to produce voltammograms that resemble those
observed in the early stages of potential cycling (10—
20 cycles) with the TCNQ)-modified electrode (Figure
2d). When CuTCNQ(phase I1) is adhered to the GC
electrode (Figure 10c), two oxidation peaks (E;" =
0.417 and 0.468 V) are detected, even on the first cycle,
associated with residual phase Il (more positive) and
the formation of CUTCNQ(phase I). As expected, the
peak at more positive potential (phase Il) becomes
dominant as the number of cycles of the potential
increases. These data confirm that not all CUTCNQ is
oxidized to TCNQg) and Cugq) in a single cycle.

The data obtained with CuTCNQ confirms that the
peak potentials are a function of both the size and
morphology of the adhered particle, as well as the phase.
Thus, oxidation of CuTCNQ(phase | or Il) leads to
differently sized TCNQ crystals relative to those initially
present with the directly prepared TCNQ-modified
electrode (Figure l1a), and the rate at which either
CuTCNQ(phase I) or CuUTCNQ(phase II) is formed in
subsequent cycles depends on the size of the TCNQ
crystal.

To confirm this conclusion, TCNQ-modified GC elec-
trodes consisting of sub-micrometer-sized particles were
prepared by rinsing the electrode with distilled water*’
before the TCNQ—acetonitrile solution on the surface
had evaporated. Conversely, reapplying small droplets
of TCNQ—acetonitrile solution to an upright GC elec-
trode results in the formation of almost millimeter-sized
TCNQ crystals. When performing cyclic voltametry on
TCNQ-modified electrodes in the potential range 0.6—
0.2 V and commencing sub-micrometer particles, the
foot of the reduction peak in the first cycle commenced
at 0.321 V and E,rfd = 0.256 V. On subsequent cycles
(2—4), E; was 0.263 V, with identical shapes and the
guasi-steady-state TCNQ/CuTCNQ(phase 1) couple be-
ing achieved after just one cycle of the potential. In
contrast with 10-um-sized particles (Figure 2b), the foot
of the reduction peak on the first cycle is at 0.243 V and
E;ed = 0.220 V, and at least five cycles are required to
achieve a quasi-steady state. With very large sized
crystals, no faradaic current was detected up to a

(47) Hogan, C. F.; Bond, A. M.; Neufeld, A. K.; Connelly, N. G.;
Llamas-Rey, E. J. Phys. Chem. A 2003, 107, 1274—1283.
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Figure 10. Voltammograms obtained at a scan rate of 0.020
V s~1 for CUTCNQ-modified GC electrodes in contact with 0.1
M CuSOuag: (a) oxidation of CuUTCNQ(phase | and I1) pro-
duced by (i) reductive electrolysis, (ii) reaction of dissolved
TCNQ with Cul, and (iii) reaction of dissolved TCNQ with Cu
metal; (b) potential cycling of CUTCNQ(phase 1); (c) potential
cycling of CUTCNQ(phase I1). In (b) and (c), the formation of
TCNQ microcrystals that, upon reduction, result in the initial
formation of CUTCNQ(phase 1) and of CUTCNQ(phase I1) on
subsequent cycling of the potential.

potential of 0.2 V, which confirms that the over-potential
required for the nucleation and growth process is
directly related to crystal size.

SEM investigations on oxidized CuTCNQ compounds
also confirm the importance of the morphology. Figure
11 contains micrographs of phase | needles of the
chemically synthesized CuTCNQ compound after the
potential has been swept from 0.350 to 0.700 V. Oxida-
tion leads to “etching” of the CuTCNQ crystals since
phase | crystals, as synthesized, exhibit a smooth and
defect-free surface when examined at even higher levels
of magnification than used to obtain the images in
Figure 11. Again, the drastic density and volume change
that must occur when CuTCNQ(phase 1) is transformed
to TCNQ, and vice versa, is seen to be highly destructive
to the physical nature of the crystal morphology, and
simple ingress and egress of copper ions as the rate-
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Table 2. Voltammetric Data Obtained over the Potential
Range 0.2—0.6 V at a Scan Rate of 0.020 V s™1 When a
Modified GC Electrode in Contact with CuSO4ag)

Electrolyte and a TCNQ/CuTCNQ(phase I)
Quasi-Steady-State Condition Has Been Achieved

[Cutyl Ex' Wi, EX Wpy, Em  AEX™
(M) V) V) V) V) V) V)
1.0 0277 0.049 0474 0045 0375  0.197
0.1 0.272 0.044 0.453 0.020 0.363 0.181
0.01 0.243 0.045 0.436 0.031 0.334 0.193
0.001 0.201 0.054 0.398 0.046 0.299 0.197

determining step is not possible when such a mismatch
of structures is required in a solid-state redox reaction.

Dependence of Voltametry on CuSOuq Elec-
trolyte Concentration. In principle, if the activities
of the solids were unity, the reversible potential for the
solid—solid TCNQ/CuTCNQ process could be expected
to be given by the Nernst equation. If the over-potential
for the oxidation and reduction processes were equal,
then the midpoint potential could give the reversible
potential, and this parameter as well as E;* and E“’d
would depend on Cu(aq) concentration in a Nernstlan
manner. However, these equilibrium-type principles do
not apply to the CuTCNQ/TCNQ process. Nevertheless,
the concentration of Cu( o affects the peak position and
kinetics. As discussed above in the presence of 0.1 M

uz‘;), the quasi-steady-state TCNQ/CuTCNQ(phase 1)
is achieved after 5 cycles of the potential at a scan rate
of 0.020 V s~ when commencing with crystals of the
size shown in Figure 1a. In the presence of 0.01 M
CuSO4(aq), 4 and IOXl increase for the first 12 cycles,
and E0X1 emerges as a shoulder after 12 cycles. In the
presence of 0.001 M Cu;, gaq)' 17" and 12" increase for the
first 24 cycles, and E°" emerges as a shoulder after 20
cycles. Quasi-steady-state voltammograms obtained at
a scan rate of 0.020 V s™1 are shown in Figure 12 for
concentrations of Cu(aq ranging from 1 M to 1 mM and
the values of Ered E,, the midpoint potential (Em =
(EX—EFY2) and inert zone width (AEQ red) obtained
under these conditions are summarized in Table 2. The
midpoint potential shifts from 0.375 V to a less positive
value of 0.299 V when the CuSO4yq concentration
changes from 1.0 M to 1.0 mM, which is the direction
but not the magnitude expected for the change in
reversible potential (predicted by a Nernst expression).
This shift in Ep, is a consequence of both oxidation and
reduction peak potentials shifting to less positive po-
tentials with decreasing Cuf;;) concentration. In con-
trast, the inert zone width is almost independent of
CuSOy4aq concentration. Under steady-state TCNQ/
CuTCNQ(phase 11) conditions, E‘”‘2 is almost indepen-
dent of the Cu(aq) concentration over the range 1-0.01
M, while Ered again shows a significant dependence on
CU(aq) concentratlon (Figure 12, Table 3). These Cu(aq
concentration-dependent studies confirm that crystal
size and morphology kinetic effects dominate thermo-
dynamic influences of the ingress and egress of copper

ions between the aqueous and solid phases.
Dependence of Voltammetry on Scan Rate. The

influence of scan rate on voltammetric data is predomi-

nately on the value of E;fd, which becomes less positive

with faster scan rates. Negligible shifts occur in ng'l
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Figure 11. SEM images of crystals of CUTCNQ(phase I) after electrochemical oxidation: (left) low-resolution and (right) higher
resolution images showing the “etched” crystal morphology induced by oxidative electrolysis.
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Figure 12. Voltammograms at the (left) quasi-steady state and (right) steady state obtained at a scan rate of 0.020 V s~ for a
TCNQ-modified GC electrode in contact with aqueous CuSOauq) electrolyte at successive concentrations.

Table 3. Voltammetric Data Obtained over the Potential
Range 0.2—0.6 V at a Scan Rate of 0.020 V s~ When a
Modified GC Electrode in Contact with CuSOaaq)
Electrolyte and a TCNQ/CuTCNQ(phase I1) Steady-State
Condition Has Been Achieved

Table 4. Voltammetric Data Obtained as a Function of
Scan Rate When a TCNQ-Modified GC Electrode Is in
Contact with 0.1 M CuSOayq) Electrolyte and a TCNQ/
CuTCNQ(phase 1) Steady-State Condition Has Been
Achieved

[Cu(z;—q)] E;ed Wyrfflz E’o)x ng(llz En Ang—red scan rate E':da ngla EEXZa Em1? AE’O)xl—red Emz @ AE‘O)XZ—red
(M) (V) V) (V) (V) V) V) (Vsh M M VM V) V) V) V)
1.0 0.281 0.059 0481 0.058 0.381 0.200 0.005 0.288 0.460 0.489 0.374 0.172 0.389 0.201
0.1 0.257 0.062 0.477 0.055 0.367 0.220 0.010 0.273 0.460 0.490 0.367 0.187 0.382 0.217
0.01 0.210 0.070 0.486 0.067 0.348 0.276 0.020 0.262 0.458 0.488 0.360 0.196 0.375 0.226
0.0012  0.200 0.437 0.097 0.318 0.237 0.050 0.234 0.464 0.484 0.349 0.230 0.359 0.250
0.100 0.216 0.464 0.488 0.340 0.248 0.352 0.272

30.1 M NazSO4aq) supporting electrolyte added.

and ng'z (see Table 4). Consequently, changes in the
midpoint potential (Em1, Em2) and the inert zones (A
Eg¢~"! and AEJ?™") with scan rate are dominated by
the E™ term.

Solids obtained from the electrode surface were
analyzed by SEM after a series of experiments con-
ducted with TCNQ adhered to a GC electrode in contact
with 0.1 M CuSOyq) electrolyte when the potential was
cycled (0.6—0.2 V) at a scan rate of 0.100 V s~ for 5,
20, and 40 cycles and at a scan rate of 0.020 V s~ for 3
and 5 cycles. At slow scan rates, there is significantly
greater ingress of Cuf;) ions into the TCNQ, than at
high scan rates, as much more of the parent TCNQ
crystal has been converted to CuUTCNQ(phase 1) needle-

2 Volts versus Ag/AgCl.

like crystals even when the same experimental times
are employed.

Mechanism of CUTCNQ Formation. Voltammetric
data consistent with spectroscopic and microscopic
evidence shows that when TCNQ is reduced in the
presence of an aqueous solution of Cu(zaf;), CuTCNQ-
(phase 1) is formed initially and then CuTCNQ(phase
I1) via an overall two-electron charge-transfer process
(egs 6a and 6b) with a nucleation-growth rate-determin-
ing step.

TCNQ(sce) T € + CUeg = [Cu”'I[TCNQ Tsoc (62)

[CU*'J[TCNQ ]soc + € =[Cu'][TCNQ Jscc (6b)



Electrochemical Interconversion of TCNQ and CuTCNQ

It is assumed in eq 6a that the transitional complex
Cu?*TCNQ, is formed in the solid state via transport
of Cuf;;) across the aqueous—solid interface in the
region where direct contact of adhered TCNQ,) occurs
with the electrode. However, this species could tran-
siently be in a dissolved state and then redeposit as a
solid in process (6b). This could explain the existence
of the small prewave accompanying the major oxidation
process. When TCNQuis) reacts with Culis) in acetoni-
trile (ACN) to produce CuTCNQys), it is again possible
to break the process in terms of the two steps given in
reactions (7a) and (7b):

TCNQucny + CUjacny = CU'TCNQ,  (7a)
CU*' TCNQg + liaery— CUTTCNQ + Y1, (7b)

In this case, the transitional complex Cu2+TCNQ(’5)
is reduced chemically by I, which is in turn oxidized
to I,. Finally, when TCNQ dissolved in acetonitrile
comes into contact with Cu metal, the one-electron
process in eq 8a can occur, followed by the reduction of
the same transitional complex (8b) in previous reactions
described in this section:

TCNQucny + Cu®— CU>'TCNQ,,  (8a)
Cu*'TCNQ, + Cu’—Cu'TCNQ,,  (8b)

In the formation of CUTCNQ from TCNQ by electro-
chemical or chemical means, reduction of TCNQ to
TCNQ™? always occurs. This reaction provides a com-
mon thread for each set of reactions involving TCNQ
and different oxidation states of copper.

Conclusions

The solid—solid electrochemical phase transformation
of a TCNQ-modified electrode in contact with aqueous
CuSOyq electrolyte gives rise to an overall process
corresponding to the reaction

TCNQ(s ey + Cligg + 267 = CUTCNQ(s g
(phase | or phase 11)

The identification of CUTCNQ phases has been deduced
from ex situ infrared and XRD analyses, in combination
with morphological studies. Difficulty in obtaining XRD
data from compounds formed in electrochemical experi-
ments using conventional instrumentation implies that
synchrotron-based analyses may be required to facilitate
proper structure determinations.

Cyclic voltammograms show a complex response in
the initial cycles, followed by a quasi-steady-state
TCNQ/CuTCNQ(phase I) process, and finally a steady-
state TCNQ/CuTCNQ(phase Il) regime. Voltammo-
grams in the quasi- and steady-state regimes show an
extended inert zone width of about 0.2 V. Current
hysteresis phenomena in cyclic voltammograms and
data obtained by double-potential step experiments,
combined with spectroscopic information, indicate that
the formation of CUTCNQ(phase I or I1) from TCNQ,
involves both a nucleation and growth process and a
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reduction of Cuf;;) ions rather than simple ingress of
Cu(zgq) ions. A two-step, one-electron process, involving
a transitional Cu(I)-TCNQ complex, is proposed to
explain the net process.

Ex situ SEM images illustrate the physical changes
that accompany this multistep transformation and
reveal that micrometer-sized TCNQ(s) does not interca-
late and accept copper ions from solution without
undergoing significant morphological changes in the
formation of CUTCNQ(phase I). In particular, the large
density and volume change accompanying the formation
of CUTCNQ(phase I) from TCNQ accounts for the highly
destructive nature of the initial solid—solid transition.
Formation of the thermodynamically stable CUTCNQ-
(phase 11) results from the existence and the reduction
of nanometer-sized TCNQ crystals formed after exten-
sive cycling of the potential. It is likely that the TCNQ/
CuTCNQ(phase Il) transformation does not require a
significant morphological change. Voltammograms from
CuTCNQ(phases | and Il)-modified electrodes also
indicate that a similar multistep and destructive process
occurs when microcrystals of either compound are
converted to sub-micrometer-sized particles of TCNQ.
After extended cycling of the potential, the same be-
havior is observed compared to that involving TCNQ-
modified electrodes where a steady-state morphology of
CuTCNQ(phase 1) is achieved. An apparently dispro-
portionate amount of CuTCNQ(phase 1) is always
formed on the first cycle of the potential, based on SEM
evidence and charge calculations. An excess of CuTC-
NQ(phase 1) is retained for all durations of potential
cycling experiments. This may be explained if some of
the initially formed needle crystals become disconnected
from electrical contact with the electrode surface. An
equivalent excess of CUTCNQ(phase 1) also may be
observed when commencing experiments with chemi-
cally synthesized needle crystals that become etched
(Figure 11).

The midpoint potential measured as the average of
the reduction and oxidation peak potentials is a complex
function of size, phase, scan rate, and Cu(zaf;) concen-
tration, and not a reversible potential that is directly
related to the Nernst expression. The peak potential
dependence on the over-potential for nucleation and
growth is elucidated by purposely altering the size of
crystals used to prepare the modified electrodes, where
a larger crystal size is directly related to higher over-
potentials.
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