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Abstract Semiconducting AgTCNQF, (TCNQF4=2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane) has been
electrocrystallized from an acetonitrile (0.1 M BuyNPFy)
solution containing TCNQF, and Ag(MeCN),". Reduction
of TCNQF, to the TCNQF,'™ anion, followed by reaction
with Ag(MeCN),  forms crystalline AgTCNQF,4 on the
electrode surface. Electrochemical synthesis is simplified
by the reduction of TCNQF, prior to Ag(MeCN),"
compared with the analogous reaction of the parent TCNQ
to form AgTCNQ, where these two processes are coinci-
dent. Cyclic voltammetry and surface plasmon resonance
studies reveal that the electrocrystallization process is slow
on the voltammetric time scale (scan rate=20 mV s ') for
AgTCNQF,, as it requires its solubility product to be
exceeded. The solubility of AgTCNQF, is higher in the
presence of 0.1 M BuyNPF¢ supporting electrolyte than in
pure solvent. Cyclic voltammetry illustrates a dependence
of the reduction peak potential of Ag(MeCN)," to metallic
Ag on the electrode material with the ease of reduction
following the order Au<Pt<GC<ITO. Ultraviolet-visible,
Fourier transform infrared, and Raman spectra confirmed
the formation of reduced TCNQF,'~ and optical microsco-
py showed needle-shaped morphology for the electro-
crystallized AgTCNQF,. AgTCNQF, also can be formed
by solid-solid transformation at a TCNQF4-modified
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electrode in contact with aqueous media containing Ag"
ions. Chemically and electrochemically synthesized
AgTCNQF, are spectroscopically identical. Electrocrystal-
lization of Ag,TCNQF, was also investigated; however,
this was found to be thermodynamically unstable and
readily decomposed to form AgTCNQF, and metallic Ag,
as does chemically synthesized Ag,TCNQF,.
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Introduction

Metal-organic charge-transfer (CT) complexes based on
TCNQ (7,7,8,8-tetracyanoquinodimethane) have been in-
tensively studied due to their novel conducting and/or
magnetic properties [1-4]. TCNQ-based materials have
been used for data storage [5, 6], in catalysis [7-9], and in
magnetic and sensor devices [10, 11]. In contrast, investi-
gation of TCNQF4-based CT complexes (TCNQF,=
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane) are
much more limited, although some materials have been
synthesized and characterized [12—19]. One of these is
AgTCNQF,, a metal-organic CT semiconducting material
[16] which is regarded as an excellent candidate for field-
emission cathodes [17], reversible bi-stable electrical and
optical switches, as well as memory storage [16]. The
chemical synthesis of AgTCNQF, has been reported by
mixing the Ag" cation and the TCNQF,'™ radical anion in
acetonitrile [13], spontaneous redox reaction by placing Ag
foil in a dry and degassed acetonitrile solution containing
saturated TCNQF,, and then heating to about 90 °C to
achieve a film of AgTCNQF, on the Ag substrate [20].
Alternatively, a solid-phase reaction between TCNQF,
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powder and Ag metal is possible by precisely controlling
the temperature and time [16, 17]. AgTCNQF, also has
been electrochemically synthesized by slow reduction of
TCNQF, at an Ag electrode with a constant current in a
two-compartment cell configuration containing acetonitrile
[13]. The single-crystal X-ray structure of the electro-
crystallized AgTCNQF, has been determined and is not
isostructural with AgTCNQ [13]. The silver cations have a
pseudotetraheadral geometry and the TCNQE,'™ anions are
nearly perfectly eclipsed and exhibit a high degree of
dimerization, which results in the compound being essen-
tially diamagnetic [13]. Ag;TCNQF, also has been chem-
ically synthesized by direct reaction of thin films of
TCNQF, and Ag at 100 °C for approximately 100 s, where
it was found to photodecompose to AgTCNQF, and
metallic Ag [12].

In this paper, a potentiostatic electrochemical method for
synthesizing AgTCNQF, and Ag,TCNQF, in acetonitrile is
reported. Thus, AgTCNQF, and Ag,TCNQF, were electro-
crystallized onto the surface of an inert electrode by
sequential reduction of TCNQF, to TCNQF,'™ and then
to TCNQF,* in acetonitrile (0.1 M BuyNPFy), followed by
combination with Ag(MeCN)," also present in the solution
to form AgTCNQF, and Ag,TCNQF,, respectively. Factors
potentially affecting the electrochemical synthesis, such as
the concentrations of TCNQF, and Ag(MeCN),", scan rate,
and electrode material have been explored. The isolated
electrocrystallized AgTCNQF, complex was characterized
by a range of microscopic and spectroscopic techniques,
and in situ by surface plasmon resonance (SPR). Electro-
chemical synthesis of bulk Ag,TCNQF, is complicated by
the close proximately of the TCNQF,' "~ process and the
reduction of Ag(MeCN)," to Ag metal. The solubility and
solubility product of AgTCNQF, in acetonitrile with and
without 0.1 M BuyNPF¢ supporting electrolyte also have
been determined, but efforts to determine the solubility of
Ag,TCNQF,4 have not been successful because of thermo-
dynamic instability, in which Ag,TCNQF, undergoes an
internal redox reaction to generate AgTCNQF, (as detected
by UV-vis and FTIR spectroscopy) and metallic Ag.

Materials and methods
Chemicals

Ag(MeCN),BF, (98%, Aldrich), AgNO; (99.998%,
Aldrich), TCNQF, (97%, Aldrich), acetonitrile (HPLC
grade, Omnisolv), acetone (Suprasolv, Merck KGaA), and
isopropanol (BDH) were used as received from the
manufacturers. BuyNPF¢ (Aldrich) was recrystallized twice
from 96% ethanol (Merck) and then dried at 100 °C under
vacuum for 24 h.
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Voltammetric measurements were carried out at room
temperature (22+2 °C) with a Bioanalytical Systems
(BAS) 100W electrochemical workstation and a standard
three-electrode cell configuration. Working electrodes
(WEs) were 3.0-mm diameter glassy carbon (GC) (BAS),
gold or platinum (1.6-mm diameter, BAS) disks, or indium
tin oxide (ITO)-coated glass plates (0.1-0.2 cm?) with a
resistance of 10 €2/sq (as quoted by the manufacturer,
Prazisions Glas and Optik GmbH). All working electrodes,
except for ITO, were polished with 0.3 pm alumina slurry
on Microcloth polishing cloth, washed with deionized water
(purified from a Millipore system, resistivity of
18.2 M2 cm) and then sonicated in an ultrasonic bath for
5 min. ITO electrodes were cleaned by sonication in
isopropanol and acetone for 5 and 10 min, respectively,
and then washed with deionized water and dried under a
stream of nitrogen gas. A silver wire placed in an
acetonitrile solution containing 1.0 mM AgNO; and
0.1 M Bu,NPF¢ was used to form an Ag/Ag" reference
electrode (RE) (the potential of this RE is —0.14 V versus
the ferrocene/ferrocenium (Fc®™) couple). The counter
electrode (CE) was platinum wire (1.0-mm diameter). In
the case of rotating disk electrode (RDE) experiments, the
Ag/Ag" and Pt wire mentioned above also were used as
reference and counter electrodes, while the working
electrode was a 3.0-mm diameter GC electrode attached to
BAS RDE-2 RDE assembly. In case of solid—solid state
transformation experiments, TCNQF, crystals, physically
adhered to GC and ITO electrode surfaces, were used as the
working electrodes, the reference electrode was aqueous
Ag/AgCl (3.0 M KCl) (BAS) and Pt wire (1.0-mm
diameter) was used as the counter electrode. In bulk
electrolysis experiments, a three-compartment cell was used
with each of the working (Pt foil), reference (Ag/Ag"), and
counter (Pt mesh) electrodes placed in one compartment of
the cell. Stirring via a magnetic bar in the working electrode
compartment was used during the course of bulk electrol-
ysis. These bulk electrolysis experiments were stopped
when the current decreased to 0.1% of the initial value.
Nitrogen gas was used to purge solutions of oxygen prior to
commencing electrochemical experiments. A stream of this
gas was maintained above the solution during the course of
the experiments.

In situ SPR experiments were carried out using an
AutoLab ESPRIT system, interfaced to an AutoLab
PGSTAT100 potentiostat. A 50-nm thick gold film coated
on a glass plate was used as both the SPR substrate and
working electrode (all instrumentations and electrodes for
SPR experiments were supplied by ECO-Chemie). The
angle of the minimum reflection in the Kretschmann
configuration [21] was used to examine the SPR response
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during the course of electrochemical experiments. Platinum
wires were used as quasi-reference and counter electrodes
in the SPR-electrochemical measurements.

Other instrumentation

UV-vis spectra were recorded with a Varian Cary 5000 UV-
vis NIR spectrophotometer on solutions contained in a 1.0-
cm path length cuvette. FTIR spectra were obtained with a
Varian UMAG600 IR microscope and FTS7000 optics bench
using 128 scans and a resolution of 8 cm™'. A Renishaw
Invia Raman spectrograph, using an Argon ion laser
excitation at 633 nm, was used to measure Raman spectra.
Optical microscopic images were collected with an Olym-
pus BX51M optical microscope at a magnification factor of
20. SEM image was recorded with a FEI Nova SEM
instrument.

Results and discussion
Solubility of AgTCNQEF, in acetonitrile

A 10.0 mM TCNQF,'" solution was prepared by exhaus-
tive reductive electrolysis of 5.0 mL of 10.0 mM TCNQF,
acetonitrile solution (0.1 M BuyNPFe) with the potential of
the Pt working electrode held at 100 mV vs. Ag/Ag" (all
potentials in this paper are reported versus Ag/AgNO;
(1.0 mM) in acetonitrile containing 0.1 M BuyNPF¢ unless
otherwise stated). 1.0 mL of 100 mM Ag(MeCN),"
acetonitrile solution was then added into the TCNQF,'"
solution with stirring for 1 min. A dark blue precipitate
formed immediately and was collected after centrifugation
and the solid was washed three times with 1.0 mL of
acetonitrile to ensure removal of excess Ag(MeCN)," and
BuyNPF¢ supporting electrolyte. Finally, 2.0 mL of aceto-
nitrile was added into the test tube containing pure solid
AgTCNQF,, followed by sonication for 5 min to achieve
good mixing with the dissolved material. The AgTCNQF,
saturated acetonitrile solution and solid AgTCNQF, were
separated by centrifugation and filtration. The solid
AgTCNQF, was placed on an ITO surface and dried under
vacuum prior to characterization by spectroscopic and
microscopic techniques (see section “Chemically synthesized
AgTCNQF,”). The concentration of the TCNQF,'~ remain-
ing in the saturated solution was determined by UV-vis
spectroscopy and measuring the absorbance at 411 nm and
subsequent reference to a calibration curve, and found to be
7.08+0.16x10~* M. Consequently, the values for the solu-
bility and solubility product of AgTCNQF, in acetonitrile are
7.08+0.16x107* M and 5.01+0.22x10"" M?, respectively.
RDE voltammetry also was used to determine the
concentration of TCNQF417. TCNQF417 is oxidized to

neutral TCNQF, (Eq. 1) in acetonitrile (0.1 M BuyNPFg)
under RDE conditions to give a limiting current that is
proportional to the concentration of TCNQF,'". Solid
BusNPF¢ was added to a saturated acetonitrile solution of
AgTCNQF, to give the 0.1 M electrolyte concentration
needed for RDE experiments. A 3.0-mm diameter GC RDE
was used at a rotation rate of 1,000 rpm and scan rate of
10 mV s ', and gave well-defined limiting currents (see
Fig. 1) for the three processes given in Eqs. 1 to 3. The
solubility and solubility product values were found to be
the same as determined by UV-vis spectroscopy.

TCNQF4 yecn) = TCNQF vecny + € (1)
TCNQF4{yeen) + € = TCNQFS* 0 (2)
Ag+(MeCN) +e = Ag(s) (3)

The solubility of AgTCNQF, was then re-determined in
an acetonitrile solution containing 0.1 M BuyNPF electro-
lyte. In this case, 2.0 mL of acetonitrile containing 0.1 M
BuyNPF¢ was used for RDE and UV-vis methods and the
concentration of TCNQF,'™ in the saturated solution was
determined to be 1.10+0.04x 10> M. This value translates
to a solubility product for AgTCNQF, of 1.22+0.08x
107° M?, indicating that the solubility of AgTCNQF, in the
presence of 0.1 M BuyNPFg is higher than that in neat
solvent. This enhancement in solubility also has been
observed for AgTCNQ and CuTCNQ [22, 23] in the
presence of electrolyte and, in this case, can be attributed to
the ion pairing of Ag(MeCN)," with PFs and TCNQF,'~
with BuyN", which favors the dissociation of AgTCNQF,
to Ag(MeCN)," and TCNQF,'™ [22].
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Fig. 1 Cyclic voltammogram obtained with a 3.0-mm diameter GC

electrode RDE (1,000 rpm, 10 mV s ') for AgTCNQF, dissolved in
acetonitrile (0.1 M BuyNPFy)
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Fig. 2 Cyclic voltammogram obtained with a 3.0-mm diameter GC
electrode at a scan rate of 100 mV s ! for 1.0 mM TCNQF, in
acetonitrile (0.1 M BuyNPFg)

Cyclic voltammetric study of the electrocrystallization
of AgTCNQF, and Ag,TCNQF, in acetonitrile

Voltammetry of TCNOF; and Ag(MeCN)," in acetonitrile
(0.1 M Bu,NPF) solution

The limited solubility of AgTCNQF, in acetonitrile (0.1 M
BuyNPFg) indicated that electrocrystallization of
AgTCNQF, should be possible. A cyclic voltammogram
of 1.0 mM TCNQF, in acetonitrile (0.1 M BuyNPF) using
a GC electrode recorded at a scan rate of 100 mV s is
shown in Fig. 2. TCNQF, underwent the two chemically
and electrochemically reversible one-clectron reduction
processes (reverse of Eq. 1 and Eq. 2) as expected [24].

The mid-point potentials £,, for these processes at GC, Au,

order, Au<Pt<GC<ITO (Fig. 3e). Moreover, E,* for
reduction of Ag(MeCN)," in the first cycle of potential is
always more negative than in subsequent cycles. For
example, at a GC electrode in the first cycle with a scan
rate of 100 mV s, Eli,red for the reduction of Ag(MeCN),"
to metallic Ag is at =331 mV, whereas in the second cycle,
Epred is =140 mV. Additionally, a sharp oxidation peak for
stripping silver occurs at 68 mV and current crossover is
detected at =260 and —77 mV in the first cycle. These results
imply that the reduction of Ag(MeCN)," to Ag metal occurs
via a nucleation and growth process [23]. A comparison with
TCNQ shows the reduction to TCNQ'™ occurs at a potential
value slightly more positive than for Ag(MeCN)," reduction
[23]. For TCNQF,, the first reduction process is now well
removed from that of Ag(MeCN)," (compare Figs. 2 and 3).
Consequently, AgTCNQF, can be readily electrosynthesized
via scheme 1. However, in principle, Ag,TCNQF, cannot be
electrochemically synthesized at Au or Pt electrodes where
Ag(MeCN)," is reduced prior to the TCNQF,' "> process,
although at GC or ITO electrodes, this is now possible (via
scheme 2) because the reduction of TCNQF,'™ to TCNQF,*
is slightly more positive than that of Ag(MeCN),". However,
efforts to achieve electrochemical synthesis of bulk
Ag,TCNQF,4 on GC and ITO have not been successful as
the potentials for reduction of TCNQF,'~ and Ag(MeCN),"
on GC and ITO are still very close. Furthermore,
Ag,TCNQF, is not a stable species in acetonitrile (see
section “Chemically synthesized Ag;TCNQF,”).

Scheme 1

Pt, and ITO electrodes are given in Table 1 (where E,,'= - = 1-
! red ox: 2_ & red ox: ( red n TCNQF4(M6CN) te = TCNQF4(MeCN> (48.)

(Epi™ " +Ep™)2 and En"=(Ey, " +E"")/2, and £, and

EpOX are reduction and oxidation peak potentials, respectiv§- Ag* (MeCN) T TCNQF, &CCN) = AgTCNQF,) (4b)

ly, for processes related to Egs. 1 and 2). E,,,, as expected, is

almost independent of electrode material.

Cyclic voltammograms for 2.0 mM Ag(MeCN)," in  Scheme 2

acetonitrile (0.1 M BuyNPFy) are shown in Fig. 3. In the . - .

case of reduction of Ag(MeCN)," to Ag metal, the process is TCNQF4(MeCN) +e¢ = TCNQF, (MeCN) (5a)

strongly dependent on the nature of the electrode material. . N .

Thus, Ag(MeCN)," cations follow the ease of reduction TCNQF4{pecn) + 248 (veen) = Ag TCNQFy(y) (5b)

Table 1 Summary of voltam-

metric data obtained at a scan WE  Compound

rate of 100 mV s~ for TCNQF, N

and Ag(MeCN)," in acetonitrile TCNQF, Ag(MeCN), " (Ist cycle)

(01 M Bu4NPF6) with GC’ Au’ redl ox1 1 red2 ox2 2 red ox

Pt, and ITO electrodes (potential E, E, En E, E, Ey AE° E, E, En AE,

(millivolts) vs. Ag/Ag")
GC 277 345 311 —255 —-185 —220 531 —331 68 -132 399
Au 277 343 310 —255 —185 —220 530 =99 79 -10 178
Pt 277 343 310 -256 -186 —221 531 -133 59 -37 192
ITO 201 406 304 —335 -157 —246 550 —447 34 -207 481
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Fig. 3 Cyclic voltammograms obtained at a scan rate of 100 mV s~

at GC, Au, Pt, ITO electrodes for 2.0 mM Ag(MeCN)," in acetonitrile
(0.1 M BuyNPFg) a—d represent number of cycles across potential
range at GC, Au, Pt, ITO, e first cycle for each electrode

Cyclic voltammetry of TCNQF, in the presence
of Ag(MeCN)," in acetonitrile (0.1 M Bu,NPFj)

1.

Reduction of TCNQF, to TCNQF,'™ in the presence of
Ag(MeCN)4"

In order to ensure electrocrystallization of AgTCNQF,
rather than Ag,TCNQF, occurs, the potential was
switched at 50 mV, which lies between the TCNQF,”!~
and TCNQF,'*" processes. The concentration ratios of
TCNQF, and Ag(MeCN)," were varied to produce the
cyclic voltammetric behavior exhibited in Fig. 4a, b and
c. Clearly, when the Ag(MeCN)," concentration is
constant and that of TCNQEF, is increased, the ratio of
oxidation and reduction peak current (i,°/i,")
decreases, which is expected if reduction of TCNQF,
to TCNQF,'” is followed by electrocrystallization of
AgTCNQF, (scheme 1) [25]. However, electrocrystalli-
zation can only occur when the solubility product of
AgTCNQF, is exceeded at the electrode surface and if
the rate of precipitation is sufficiently fast. Studies with
2.0 mM TCNQF,; and 100 mM Ag(MeCN)," in
acetonitrile (0.1 M BuyNPFg) solution show that the
precipitation kinetics are relatively slow as the 7,/
ratio approaches unity at high scan rate of >2 Vs~ ' (data
not shown). Interestingly, no well-defined stripping peak
was found when the potential was scanned in the
positive direction to very positive potentials under
conditions relevant to Fig. 4c. This behavior implies
that AgTCNQF, either does not precipitate on the
time scale of cyclic voltammetry or predominantly
precipitates away from the surface of the electrode
(under conditions of Fig. 4c, a dark blue precipitate is
observed in the solution if a potential of 150 mV is
applied for 15 min). However, when a solution of
2.0 mM TCNQF, and 100 mM Ag(MeCN)," is used,
a broad oxidation stripping process is detected at
around 770 mV on the reverse scan (Fig. 4d), implying
that AgTCNQF, is now electrocrystallized onto the
electrode surface and oxidized back to neutral
TCNQF,.

Reduction of TCNQF,'™ to TCNQF,*™ in the presence
of Ag(MeCN),"

When the switching potential was set at —170 mV, and
hence slightly more negative than the onset of the
TCNQF4H27 process, with 1.0 mM TCNQF,; and
10.0 mM Ag(MeCN)," present, the cyclic voltammo-
grams at a GC electrode become much more complicat-
ed. On the first scan in the negative potential direction,
the TCNQE,”"" reduction process is still located at its
normal position; in contrast, the second TCNQF4H >
process is modified and now found at —147 mV. On
reversing the scan direction, a sharp stripping oxidation
process at 215 mV is followed by the TCNQF,'”/
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Fig. 4 Cyclic voltammograms obtained at a scan rate of 20 mV s~
containing a—¢ 10.0 mM Ag(MeCN)," and 1.0, 5.0, 10.0 mM TCNQF,, respectively, d 100 mM Ag(MeCN)4+ and 2.0 mM TCNQF,

TCNQF, process (Fig. 5a, black curve). The new
oxidation process is assumed to be associated with
stripping of electrocrystallized solid Ag,TCNQF,,
which was formed via scheme 2. When the potential
was switched at the more negative value of =200 mV, on
scanning in the positive potential direction, a current loop
and a sharp stripping process at 50 mV were detected
(Fig. 5a, red curve) in addition to the Ag,TCNQF,
stripping process. The current loop is due to the
nucleation and growth of metallic Ag on the GC
electrode surface [26-28] (Eq. 3). In the reverse
potential scan direction, a broad oxidation process also
is detected at around 450 mV. This process is presumed
to result from the oxidation of AgTCNQF,4, which is
formed by the oxidation of TCNQF,*™ in Ag, TCNQF,
back to TCNQF,'", followed by reaction in Eq. 4b.
However, the potential for the oxidation process is less

Fig. 5 Cyclic voltammograms
obtained in acetonitrile (0.1 M
BuyNPFy) with a a 3.0-mm
diameter GC electrode at a scan
rate of 20 mV s ' for 1.0 mM
TCNQF, and 10.0 mM
Ag(MeCN),", b a 3.0-mm
diameter GC RDE (1,000 rpm,
10 mV s7") for 1.0 mM TCNQF,
and 1.0 mM Ag(MeCN),"
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with a 3.0-mm diameter GC electrode in acetonitrile (0.1 M BuyNPFg)

positive than that of ~770 mV that is detected when
the potential is switched at 50 mV (Fig. 4d). There-
fore, AgTCNQF, derived from the oxidation of
Ag,TCNQF, rather than from combination of Ag
(MeCN)," and TCNQE,'™ in the negative potential
direction scan may exist in a different phase. Interest-
ingly, two AgTCNQ oxidation processes also were
seen in the cyclic voltammetry in acetonitrile solutions
containing TCNQ and Ag(MeCN)," [23].

The deposition of Ag,TCNQF, and Ag onto the
electrode surface was confirmed by cyclic voltammet-
ric experiments using a RDE. Figure 5b shows GC
RDE voltammograms in acetonitrile (0.1 M BuyNPFy)
containing 1.0 mM TCNQF, with 1.0 mM Ag
(MeCN),". When scanning the potential in the nega-
tive direction, reduction of TCNQF, to TCNQF,'~ and
then TCNQF,”" is followed by reduction of Ag(MeCN),"
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to metallic silver. On reversing the scan direction,
stripping of Ag and Ag,TCNQF, formed at the surface
occurs when the potential was scanned in the positive
direction.

The electrocrystallization and stripping of Ag, TCNQF,4
were also explored as a function of scan rate and other
parameters. Cyclic voltammograms in Fig. 6a reveal that
for 1.0 mM TCNQF, and 2.0 mM Ag(MeCN)," at a GC
electrode (scan rate=20 mV s ', potential range +650
to —600 mV), reduction of TCNQF4'~ occurs just prior to
that of Ag(MeCN)," in the first cycle, but in later cycles
of potential, both processes are almost coincident. This
change is expected on the basis of the voltammetry of
Ag(MeCN)," (Fig. 3a). However, the potentials for
stripping of Ag and Ag,TCNQF, do not change upon
cycling the potential. Besides Ag and Ag,TCNQF,
stripping, only one other oxidation process at —200 mV
is observed, which corresponds to the oxidation of
TCNQF,* (mecny to TCNQF,' “gveeny (Fig. 6a dark
yellow curve).

In another series of experiments with 1.0 mM TCNQF,4
and 2.0 mM Ag(MeCN),", the magnitude of the
Ag,TCNQF, stripping peak was investigated as a
function of electrocrystallization time. In this case, the
potential was set at —170 mV for a certain time before
sweeping the potential in the positive direction. Under
these conditions, the peak current at 230 mV for stripping
Ag,TCNQF, from the electrode increases with deposition
time (Fig. 6b). In contrast, increasing the scan rate under
cyclic voltammetric conditions decreases the oxidation of
Ag,TCNQF, (Fig. 6¢), which implies that its deposition
onto the electrode surface also is kinetically controlled.

Role of working electrode material
Cyclic voltammograms for 1.0 mM TCNQF, and 2.0 mM

Ag(MeCN)," in acetonitrile (0.1 M BuyNPFy) at GC, Au, Pt,
and ITO electrodes are shown in Fig. 7. Since the reduction

of Ag(MeCN);" to Ag on Au electrode occurs prior to that
for the reduction of TCNQF,'~ to TCNQF,*> by about
200 mV, Ag,TCNQF, cannot be formed, as indicated in
scheme 2. Hence, no Ag,TCNQF, stripping process was
detected in the positive potential scans at the Au electrode
(Fig. 7b). In contrast, Ag,TCNQF, can be electrocrystal-
lized directly onto GC, Pt, and ITO electrodes as
Ag,TCNQF, stripping process is observed when scanning
the potential in the positive direction (Fig. 7a, c, d), even
though the reduction of Ag(MeCN),  cations occurs
slightly before that of the TCNQF,'™ at the Pt electrode.
Since the reduction of TCNQF,'™ occurs slightly before
that of Ag(MeCN);" at GC and ITO electrodes, these
electrode materials are preferable for electrochemical
synthesis of Ag,TCNQF,.

The influence of Ag(MeCN)," concentration
on the formation of Ag>TCNQF

Voltammograms derived from 1.0 mM TCNQF, (Fig. 8) reveal
that the second TCNQF,'~ reduction peak potential (EpRedz)
depends markedly on the Ag(MeCN)," concentration. In
contrast, the peak potential for the first TCNQF, to TCNQF,"™
reduction (EpRedl) is independent of the Ag(MeCN),"
concentration. EpRCdz shifted 78 mV to more positive
potential when Ag(MeCN)," concentration was increased
from 0.0 to 10.0 mM. The shift of EpRedz to more positive
potential is consistent with the combination of TCNQF,*~
and Ag(MeCN)," [25].

The influence of scan rate

Peak potentials EpRedl, EpRedz, and E},R‘ad3 shift 15, 15, and
181 mV, respectively, to more negative potential when the
scan rate is increased from 20 to 500 mV s ' at a GC
electrode under conditions described in Fig. 9. Thus,
although a small IR, drop may be present, the scan rate
does not significantly affect the first and second reduction
peak potentials (EpReull and E,%°®). In contrast, E,"°

a b c
60F
30} b
5 g ol 5 -301
O ol (&1 . o
BTN/ 60}
60— - " = " e . " Start . . . A . . . ;
-600 -300 0 300 600 -200 0 200 400 600 =200 0 200 400 600

Potential / mV vs. Ag/Ag”

Fig. 6 Voltammograms obtained in acetonitrile (0.1 M BuyNPF¢) with
a 3.0-mm diameter GC electrode a cyclic voltammetry at a scan rate of
20 mV s~ for 1.0 mM TCNQF, and 2.0 mM Ag(MeCN)," (First five
cycles of potential compared to 1.0 mM TCNQF,), b solution as in a

Potential f mV vs. Ag/Ag"

Potential / mV vs. Ag/Ag”

but potential held at =170 mV for designated times before sweeping
the potential to 650 mV (scan rate=20 mV s™'), ¢ cyclic voltammetry
for 1.0 mM TCNQF, and 5.0 mM Ag(MeCN)," at designated scan
rates
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Fig. 7 Cyclic voltammograms

b
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2.0 mM Ag(MeCN)," in 8or
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attributed to the reduction of Ag(MeCN)," to Ag metal is
strongly dependent on scan rate as expected for a
nucleation and growth mechanism [26, 27].

Surface plasmon resonance study

In situ cyclic voltammetric and SPR experiments on gold-
coated glass electrodes have been used to monitor mass
change due to deposition onto or stripping from an electrode
surface [21, 23], although caution is needed in the
interpretation of these data since the changes in the solution
near the electrode surface also may affect the SPR intensity
[21]. SPR monitoring of cyclic voltammograms in acetoni-
trile (0.1 M BuyNPFg) containing either 1.0 mM TCNQF,
and 2.0 mM Ag(MeCN),", or 10.0 mM TCNQF, and
10.0 mM Ag(MeCN)," is shown in Fig. 10. Clearly, no
evidence for AgTCNQF, deposition on the gold electrode
surface is found when the potential was switched prior to the

Potential / mV vs. AgiAg’

reduction of TCNQF,'~ to TCNQF,* (compare Fig. 10a
with ¢, and e with f) because the SPR behaviors for mixtures
of TCNQF, and Ag(MeCN)," are very similar to those
found for solutions containing only TCNQF,. Interestingly,
the i,”* value for the mixture of 10.0 mM TCNQF, and
10.0 mM Ag(MeCN)," is less than that for pure 10.0 mM
TCNQF, (170 vs. 230 pA from baseline), while ipmd values
are the same (255 pA). This implies that TCNQF,'™ has
reacted with Ag(MeCN)," to form AgTCNQF, near to
the electrode surface, but the solid has not adhered to the
electrode surface. In contrast, when the potential range
was extended to more negative values, a large change in
the SPR signal accompanied the deposition and stripping
of metallic Ag. The cyclic voltammetric and SPR response
in these experiments are consistent with data derived from
a 1.6-mm diameter Au disk electrode (Fig. 7b). That is,
Ag deposition occurs before reduction of the TCNQF,'~
to the TCNQF,*.

Fig. 8 a Cyclic voltammograms a b

obtained in acetonitrile (0.1 M 450F F—— N ol

BuyNPFy) with a 3.0-mm diam- i |

eter GC electrode (scan rate= 300} —10 [ |

100 mV s7") for 1.0 mM < — < -15¢

TCNQF, and designated con- = 150+ 100 = [Ag()] £ mM

centrations of Ag(MeCN)[, b is E: 5 —0.0

identical to a but only the two g Ot ; S HF E Redt :;-g

reduction processes are presented I Re - s v & ——50

50 </ E P 45} ES ——10.0

-600 -300 0 300 600 -400 -200 0 200 400 600

Potential / mV vs. Ag/Ag’
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Fig. 9 Cyclic voltammograms for 1.0 mM TCNQF, and 2.0 mM
Ag(MeCN)," in acetonitrile (0.1 M BuyNPFy) obtained with a 3.0-mm
diameter GC electrode at designated scan rates

Characterization of Ag-TCNQF, compounds
by spectroscopic and microscopic techniques

Chemically synthesized AgTCNQF,

The single crystal X-ray structure of AgTCNQF, electro-
chemically synthesized by reduction of TCNQF, at an Ag
electrode in acetonitrile at a constant current has been
determined [13]. The TCNQF,'~ anions are nearly perfectly
eclipsed with a high degree of dimerization, which results
in this compound being essentially diamagnetic.

Here, AgTCNQF, was chemically synthesized as de-
scribed in the section “Solubility of AgTCNQF, in acetoni-
trile”, and characterized by UV-vis, FTIR, and Raman spectra
as shown in Fig. 11. The UV-vis spectrum of AgTCNQF,
dissolved in acetonitrile has three absorption bands with A .«
at 411, 686, and 752 nm (Fig. 11a), which is consistent with
the presence of only TCNQF,'™ [29-31]. In solid-state, X-
ray structure [13] shows that TCNQF,'™ is better represented
as (TCNQF,),> dimer, although for convenience, sometimes
referred to this species as TCNQF,'". The IR bands for the
solid material are at 2,221, 2,210, and 2,195 cm™ ' (Fig. 11b)
can be assigned to the C=N stretch in the (TCNQF,),>
dimer [13, 32] with the splitting being the result of
coordination of TCNQF,'™ to the Ag" cation via the CN
groups [33]. The locations of these bands are the same as
those reported for AgTCNQF, in ref. [13] (i.e., 2,220, 2,213,
and 2,197 cm™ "), within experimental error. The IR band at
1,501 ecm ' for AGTCNQF, is typical of the m(C=C) ring
stretch and is usually found at higher energy than that for
TCNQF, (1,493 cm™'). The presence of this band also
implies that the TCNQF, units in AgTCNQF, are present in
the reduced form of TCNQF,'™ [13, 16, 32]. The C—F out of
plane bending mode is located at 1,205 em ' [13, 17],
shifted to higher energy by 15 cm™' compared with TCNQF,
(1,190 ecm'). The Raman spectrum for the chemically
synthesized solid AgTCNQF, exhibits three bands at
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Fig. 11 Characterization of chemically synthesized AgTCNQF,4 by a UV-vis spectra (solution), b FTIR spectra (sol/id), ¢ Raman spectra (solid)

compared with TCNQF,

2,221, 1,642, and 1,449 cm™ ', which respectively correspond
to C=N, C=C ring, and C-CN wing stretches [16, 17].
Compared with TCNQF, (2,226, 1,665, and 1,457 cm_l), all
three of these Raman vibration modes exhibit lower Raman
shift as a result of the reduction of TCNQF, to TCNQF417
[16, 17]. A relative decrease in the intensity of the C=N
stretch band also is a spectroscopic fingerprint for the
formation of TCNQF,'~ reduced form [17].

Electrochemically synthesized AgTCNQF ,

AgTCNQF, can be electrochemically synthesized and
deposited on the surface of an electrode under conditions
in which the solubility product of AGTCNQF, is exceeded.
Hence, acetonitrile (0.1 M BuyNPFg) solutions containing
2.0 mM TCNQF, and 10.0 mM Ag(MeCN)," were used to
electrocrystallize AgTCNQF,4 onto an ITO electrode sur-
face. A constant potential of 100 mV was applied to the ITO
electrodes for 30 min to reduce TCNQF, to TCNQE,'". The
electrocrystallized material was rinsed with ethanol, dried
under a nitrogen gas stream for 10 min, and then under
vacuum for 5 h prior to characterization. An optical
microscopic image shows that the morphology of the
sample on ITO is needle-shaped with crystal lengths of

ak

Fig. 12 a Optical microscopic image of AgTCNQF, electrocrystal-
lized onto ITO electrode surface from acetonitrile (0.1 M BuyNPFy)
containing 2.0 mM TCNQF, and 10.0 mM Ag(MeCN)," by holding
the potential at 100 mV for 30 min, b SEM image of AgTCNQF,

@ Springer

~200 pum (see Fig. 12a). UV-vis, FTIR, and Raman
spectra for the electrochemically synthesized AgTCNQF,
are identical to the chemically synthesized AgTCNQF,
(see Fig. 11). It is likely that the AgTCNQF, samples
chemically or electrochemically synthesized exist in the
same phase. Interestingly, UV-vis, FTIR, and Raman
spectra for AgTCNQF, electrochemically synthesized by
reduction of immobilized solid TCNQF, on an ITO
electrode surface placed in a 0.1 M AgNO; aqueous
solution at a potential of 550 mV vs. Ag/AgCl are also the
same as the chemically synthesized AgTCNQF,, within
experimental error. Figure 12b shows a SEM image for the
AgTCNQEF, electrochemically synthesized onto a GC
electrode surface via solid—solid phase transformation
under conditions described in Fig. 12b.

Chemically synthesized Ag,TCNQF ,

Ag,TCNQF, was chemically synthesized by mixing 2.0 mL
of 5.0 mM TCNQF,”> acetonitrile solution, which was
prepared by exhaustive reductive electrolysis of 5.0 mM
TCNQF, at a Pt foil electrode in acetonitrile (0.1 M BuyNPFy)
at —400 mV vs. Ag/Ag’, with 2.0 mL of 10.0 mM
Ag(MeCN),BF, in acetonitrile. A white precipitate of

1

electrochemically synthesized by reduction of solid TCNQF,, which
was physically immobilized on a GC electrode surface and placed in a
0.1 M AgNO; aqueous solution, at 550 mV vs. Ag/AgCl for 10 min
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Ag,TCNQF, formed immediately, but gradually changed to
pale green within a few minutes. The color of the solution also
turned green. The precipitate was collected by centrifugation
and washed three times with acetonitrile before filtration to
obtain the solid and solution. UV-vis spectroscopy reveals the
presence of both TCNQF,'~ and TCNQF,*~ (a specific band
for TCNQF,* [29] was observed with Apay at 333 nm) in the
filtered solution. The washed solid was dried under a stream
of N, gas for 10 min and in vacuum for 1 h before being
characterized by FTIR spectroscopy. Four IR bands associated
with the C=N stretch are observed at 2,212, 2,193 cm '
(which accord with the presence of TCNQF,'"), 2,159 and
2,127 cm ' (which are characteristics for TCNQF,* dianion
[18, 29]). Apparently, the TCNQF,* dianion rapidly reacts
with the Ag" cation in acetonitrile to form a white precipitate
of Ag,TCNQF,. However, this solid is not thermodynamically
stable and gradually decomposes via a redox reaction (Eq. 6)
to produce AgTCNQF, and metallic Ag. This internal redox
reaction is thermodynamically allowed since the potentials for
the oxidation of TCNQF,>~ and reduction of Ag(MeCN)," in
acetonitrile are very close (see section “Voltammetry of
TCNQF, and Ag(MeCN)," in acetonitrile (0.1 M BuyNPFg)
solution”). However, on the voltammetric time scale (scan
rate=20 mV s '), Ag,TCNQF, can be formed on the
electrode surface so that a stripping process associated
with Ag,TCNQF, is observed in the positive potential
direction scan (see section “Cyclic voltammetry of
TCNQF, in the presence of Ag(MeCN)," in acetonitrile
(0.1 M BuyNPFg)”). The transformation of Ag,TCNQF,
to metallic Ag and AgTCNQF, also was observed to be
catalyzed when exposing a thin film of Ag,TCNQF, to
low-power visible laser radiation [12].

(m + n)Ag, TCNQF4; — mAg, TCNQF, + nAg + nAgTCNQF,

(6)

Conclusions

Electrocrystallization of the dark blue AgTCNQF, solid
onto electrode surfaces can be achieved in acetonitrile
containing TCNQF, and Ag(MeCN),", as confirmed by
UV-vis, FTIR, and Raman spectra. The electrocrystalliza-
tion of AgTCNQF, occurs via the two processes given in
Egs. 4a and 4b.

In the solid phase, TCNQF417 anions in AgTCNQF,
exist in dimer form [13]. The potential for reduction of
Ag(MeCN)," to Ag metal is much more negative than that
for the TCNQF,”!™ reduction process. Therefore, electro-
chemical synthesis of AgTCNQF, is easy to perform in
acetonitrile via the above method without concern for
overlap with reduction of Ag(MeCN),". However, electro-
crystallization can only occur when the solubility product

of AgTCNQF, is exceeded and if the kinetics of precipi-
tation of AgTCNQF, is sufficiently fast. The solubility and
solubility product of AgTCNQF, in acetonitrile in the
presence or absence of 0.1 M BuyNPF supporting electrolyte
were determined to be 1.10£0.04x10> M and 1.22+0.08 %
107 M? or 7.08+0.16x10* M and 5.01£0.22x10"" M?,
respectively, allowing conditions to be identified that allow
AgTCNQF, to be electrocrystallized.

The reversible potentials for the TCNQF,”!” and
TCNQF,'*" reduction processes are almost independent
of GC, Au, Pt, and ITO electrodes, while the peak potential
for reduction of Ag(MeCN)," to metallic Ag is strongly
dependent on electrode material. Comparing the potential for
reduction of TCNQF,'"~ to TCNQF,*, the reduction of Ag
(MeCN)," occurs about 200 mV more positive at a Au
electrode, slightly more positive at a Pt electrode and a little
more negative at GC and ITO electrodes. Therefore,
electrochemical synthesis of bulk Ag,TCNQF, on Au and
Pt substrates is difficult, and even on GC and ITO electrodes
because of the close proximity of potentials for reduction of
TCNQF,'~ and Ag(MeCN),", but it can be formed
transiently. Another complication in electrocrystallization
of Ag,TCNQF, is that this material is not stable and
decomposes gradually through a redox reaction to generate
AgTCNQF, and Ag. The presence of AgTCNQF, generated
via the internal redox reaction in chemically synthesized
Ag,TCNQF, is detected via UV-vis and FTIR spectroscopy.

Optical microscopic image shows that the morphology
of AgTCNQF, electrocrystallized onto ITO is needle-
shaped. UV-vis, FTIR, and Raman spectra for AGTCNQF,
electrochemically synthesized from TCNQF, and
Ag(MeCN)," in acetonitrile, electrochemically synthesized
AgTCNQF, from solid TCNQF, immobilized on an ITO
electrode surface placed in 0.1 M AgNOs; aqueous solution
and chemically synthesized AgTCNQF, are spectroscopi-
cally indistinguishable. It seems that all the AgTCNQF,
complexes exist in the same phase.
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