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Abstract 

Electrochemistry of monofluoro-7,7,8,8-tetracyanoquinodimethane (TCNQF) and 

2,5-difluoro-7,7,8,8-tetracyanoquinodimethane (TCNQF2) (denoted by TCNQFn) 

have been studied. In an analogous manner to TCNQ and the tetrafluoro 

derivatives TCNQF4, they both undergo two electrochemically and chemically 

reversible one-electron reduction steps in acetonitrile (0.1 M Bu4NPF6). The formal 

potentials for the two processes are 0.035 and -0.502 mV for TCNQF, and 0.129 

and -0.408 mV for TCNQF2, which are in an ideal linear relationship with the 

number of fluorine substituents, taking into account the other two derivatives. The 

substitution effect also plays an important role in the acid-base chemistry of 

TCNQF and TCNQF2. In the presence of trifluoroacetic acid TFA, while the 

reduction TCNQFn0/- is not modified, TCNQFn- species undergo a 

disproportionation reaction generating TCNQFn and H2TCNQFn; and TCNQFn2- is 

protonated to form H2TCNQFn. The equilibrium constants for those chemical steps 

derived from digital simulations demonstrate a great effect of strong electron 

withdrawing substituent, fluorine, on the stability and basicity of the anions. The 

more fluorine substituents there are, the more stable and less basic the anions are. 

DFT calculation assists the prediction of vibrational spectroscopies, which are 

diagnostic for each neutral or anion moieties. With a good agreement between 

calculation and experimental spectra of neutral TCNQFn, DFT calculation on 

vibrational absorbance offers a reliable resource of spectroscopic characterization 

for TCNQFn-based materials. 

Electrochemistry of TCNQFn in the presence of Cu+, Zn2+, Co2+ and Ni2+ as well as 

chemical and electrochemical synthesis of TCNQFn-based materials have been 

investigated. Both reduction steps are voltammetrically accessible for probing the 

formation of corresponding solid provided that suitable concentration ranges are 

chosen. However, attempts to grow single crystals suitable for crystallography 

studies were unsuccessful. The use of voltammetric, spectroscopic and 

microscopic methods together confirm the presence of variable morphologies of 

both mono and dianionic materials with different metal ions. Powder X-Ray 

diffraction pattern of CuTCNQF2 solid was found to resemble that of CuTCNQ phase 
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II, and interestingly conductivity of the bulk material is close to that of CuTCNQ 

phase II. An exciting catalytic activity of CuTCNQFn film on a copper foil has been 

investigated and compared to CuTCNQ and CuTCNQF4. The presence of two 

fluorine substituents significantly enhances the catalytic activity of CuTCNQF2 on 

the redox reaction between ferricyanide and thiosulfate, compared to CuTCNQF.  

In this thesis, detection of the formation of TCNQFn--based materials with divalent 

metal cations (Co2+, Ni2+) on voltammetric time scale has been reported with the 

use of high concentration of studied mixtures. These results also assist the revision 

of the interpretation of voltammetric data on TCNQ-Co2+ system.  

Although all TCNQFn--based materials are aerobically stable, M-TCNQFn2- materials 

are not stable in the air as evident from colour change and spectroscopic data.  

In the presence of Zn2+, TCNQFn- disproportionate to form TCNQFn and ZnTCNQFn 

precipitate in an analogous manner with what was found for TCNQ and TCNQF4. 

The disproportionation is inhibited by the addition of a small amount of water.  

Electrochemistry of TCNQF4 in the presence of Zn2+, Co2+ and Mn2+ in MeCN/DMF 

solvent mixture has been investigated. Interestingly, the disproportionation of 

TCNQF4- wasn’t observed in this solvent mixture. The formation of M2+-TCNQF42- 

solid has been detected in voltammetric experiments and it was synthesized 

electrochemically. Crystal structure of [ZnTCNQF4(DMF)2]2DMF has also been 

reported. Spectroscopy and powder X-Ray diffraction pattern confirm that two 

synthesis pathways generate identical material.  
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Chapter 1 

Introduction 

1.1. Introduction and recent studies on TCNQ and TCNQF4 

Electrochemistry has opened the door to a wide range of practical 

applications, since its development over two hundred years ago.1  These include 

practical uses such as lead-acid battery, extraction and refining of metals from 

ores and fuels cell, through to more recent developments, such as solar cells, the 

glucose biosensor and bionic devices.2-5 Dynamic electrochemistry, which is of 

relevant to this thesis is based on redox reactions at an electrode, which cause a 

current to flow. This behaviour is measured and interpreted based on the 

relationships of current, potential and time. 

TCNQ (TCNQ = 7,7,8,8-tetracyanoquinodimethane) and its derivatives (TCNQ(X)n) 

have been widely investigated for many years as they have interesting electronic 

properties. The family of TCNQ-based materials includes some of the best electron 

acceptors known among organic redox compounds. The electrochemistry of 

TCNQ(X)n and the synthesis of TCNQ(X)n-based charge-transfer complexes have 

been reported since the 1970s with the most famous example of an organic 

charge-transfer complex being the TTF.TCNQ complex (Scheme 1),6-8 (where TTF  

= Tetrathiafulvalene) which was shown  to  behave like  a  metallic  conductor at 

low temperatures.9-11  In this material, TCNQ acts as an electron acceptor and TTF 

is an electron donor. This 1D conductor initiated the quest for superconductivity in 

organic compounds and led to a whole new era of organic conductors not only 

with TCNQ itself but also with many other derivatives. Among these derivatives, 

the halogenated TCNQXn has shown promise for future research activity as the 

halogen substitutents enhance the stability of the molecules as well as their charge 

transfer complexes. 12-16 
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Scheme 1. The formation of charge transfer complex TTF.TCNQ 

Most TCNQ-based conductors are charge transfer salts formed from TCNQy- 

anionic radical and a suitable cation, i.e. metals, organometallic complexes or 

organic cations.17,18 The reduced form TCNQy- is an excellent ligand for the 

synthesis of coordination polymers and metal-organic frameworks via the reaction 

with transition metal. Representative examples, including charge-transfer 

complexes of TCNQ with transition metal ions, such as copper or silver, have 

shown good conductivity and been utilized in optical, electrical and magnetic 

devices.19-31 These materials have been applied in a wide range of applications 

such as optical and electrical memory devices, sensors, catalysis and magnetic 

devices.19,21  

The properties of the fluorinated derivatives of TCNQ especially the TCNQF4-based 

materials (TCNQF4 = 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane) have 

also been studied recently (see Figure 1).32 The presence of four fluorine atoms on 

the ring significantly enhances the electron affinity of TCNQF4, which 

consequentially makes it easier to be reduced as well as increases the stability of 

its anions, especially the dianion. Indeed, a number of TCNQF42- - based materials 

have been electrochemically generated in the air,12-14,33 while those of TCNQ needs 

to be synthesized under an inert environment.34-36 This enhanced stability of the 

fluorinated compound therefore provides a more feasible approach to explore new 

dianionic materials. Thus, as part of a study for new materials of TCNQ and the 

dihalogenated derivatives, several examples of the dibromo, dichloro and difluoro 

complexes have been reported,15,37-39 however this remains an area that still needs 

further investigation.  
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Figure 1. Molecular structure of TCNQFn (n = 0, 1, 2, 4) 

Most applications for TCNQ-based materials are based their unique electrical 

properties as organic conductors, from the pure organic charge transfer complex 

TTF-TCNQ9 to coordination polymers such as CuTCNQ. Interestingly, these TCNQ-

based materials can be synthesized chemically as well as electrochemically due to 

the facile reduction potential of TCNQ. Although chemical synthesis is more 

promising to provide good crystalline products for structural analysis16,40, 

electrochemical approaches offers a feasible method for understanding the 

formation of the materials in different morphologies on a convenient time scale, 

which in turn gives an opportunity to tune the properties of the products.13,41-46  

        

Figure 2. Crystal structure of CuTCNQ that exists in two different morphologies; (a) 

phase 1 and (b) phase 2 crystallized by Dunbar et. al40 

CuTCNQ was successfully crystallized from chemical synthesis from LiTCNQ and 

Cu(MeCN)4 by Dunbar et. al in 1999.40 It was reported that CuTCNQ exists as two 

different phases with significant conductivity difference (Figure 2). This property 

is due to the packing differences of the TCNQ- moieties in crystal structures, that 

enhances the movement of electrons. Although they are both polymeric, 

neighbouring TCNQ molecules in phase I are rotated 90o with respect to each 
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other, while in phase II, there are infinite arrays of coplanar TCNQ molecules that 

are oriented in the same direction, but in two perpendicular planes. The stacking 

motif in phase I gives columnar stacks of TCNQ moieties with the closest distance 

between layers being 3.24 Å. In phase II structure, no π-stacking occurs between 

quinone rings and the closest distance between parallel TCNQ units is 6.8 Å. The 

identification of the two phases of CuTCNQ motivated electrochemists to study the 

mechanistic aspects of their formation. Although CuTCNQ had been 

electrocrystallized since 1980s,47 only recently was cyclic voltammetry employed, 

allowing the kinetic as well as the thermodynamic aspects of their formation to be 

explored.41,42 CuTCNQ can be electrocrystallized either in aqueous media or in 

acetonitrile solution. In aqueous media, it is formed via solid-solid transformation 

when TCNQ is attached onto an electrode surface where it can be reduced in solid 

form in the presence of Cu2+. The reduction potential was carefully chosen so that 

copper deposition can be avoided. The formation of CuTCNQ is proposed via two 

steps as described in equation 1 and 2.41  

TCNQ0(s,GC) + e-  + Cu2+(aq)  [Cu2+][TCNQ-](s,GC)   (1) 

[Cu2+][TCNQ-](s,GC) + e-  [Cu+][TCNQ-](s,GC)   (2) 

However, the limitation of using aqueous media is that Cu+ easily 

disproportionates to Cu2+ and Cu. Cyclic voltammetry of TCNQ in acetonitrile in the 

presence of [Cu(MeCN)4]+ provides further analysis and more kinetic and 

thermodynamic information. Interestingly, the reduction and oxidation of Cu+, i.e 

Cu+/0 and Cu2+/+ processes, occur at potentials that are well removed from the first 

reduction step of TCNQ, hence the voltammetric studies are conveniently 

undertaken. Voltammetric evidence has revealed that the formation of CuTCNQ 

occurs via two processes in which the step at potentials more negative than the E0’ 

value for the TCNQ0/- process is kinetically controlled via a nucleation-growth 

process.42 Furthermore, the voltammetric, spectroscopic and SEM imaging data 

suggested that the reduction of TCNQ at an electrode surface in the presence of 

[Cu(MeCN)4]+ forms only phase I CuTCNQ (equation 3, 4) via these two processes, 

which generate precipitates with different morphologies either discrete large 

needles or smaller plates that cover most of the surface.  

TCNQ(MeCN) + e-  TCNQ-(MeCN)    (3) 
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TCNQ-(MeCN)  + Cu+(MeCN)  CuTCNQ (phase I)(s)  (4) 

Using the fluorinated analogue, CuTCNQF4 was also investigated 

eletrochemically.14 It is interesting to note that in this study, not only was 

CuTCNQF4 form but also the TCNQF42--based material, Cu2TCNQF4, was reported 

for the first time (equation 5-8). The formation of solid CuTCNQF4 occurs 

electrochemically when the concentration of Cu(MeCN)4+ and TCNQF4 exceed the 

solubility product of CuTCNQF4. Importantly, the solubility of Cu2TCNQF4 is 

significantly lower than that of CuTCNQF4, hence voltammetry studies of the 

second reduction process do not interfere with the formation of solid CuTCNQF4 at 

the electrode surface. When the cyclic voltammetry of TCNQF4 includes the second 

reduction process, i.e. forming TCNQF42- with Cu(MeCN)4+ present, two stripping 

oxidation processes were detected after the solid Cu2TCNQF4 has been precipitated 

on the electrode surface, depending on scan rates. Although, there is no 

microscopic evidence, it was proposed based on the voltammetric responses and 

supported by simulations, that there are two phases of Cu2TCNQF4 which are 

oxidized at different potentials. Unfortunately, to date there is no single crystal 

structure reported for Cu2TCNQF4. 

TCNQF4(MeNC) + e-  TCNQF4-(MeCN)    (5) 

TCNQF4-(MeCN) + e-  TCNQF42-(MeCN)    (6) 

Cu+(MeCN) + TCNQF4-(MeCN)   CuTCNQF4(s)   (7) 

2Cu+(MeCN) + TCNQF42-(MeCN)   Cu2TCNQF4(s)   (8) 

Ag-TCNQ based materials have also been studied using an analogous approach to 

Cu-TCNQ. Both AgTCNQ and AgTCNQF4 have been synthesized chemically and 

crystallized as well as prepared by electrocrystallization.16,43,45 Electrochemically, 

AgTCNQ can be generated via solid-solid transformation if TCNQ is on an electrode 

surface and reduced in an aqueous solution containing Ag+ ions. However, the 

mechanism proposed for the formation of AgTCNQ is slightly different from what 

was observed in the CuTCNQ case. Because the standard potential of Ag+/0 is more 

positive than that of TCNQ0/-, the formation of AgTCNQ was proposed via the redox 

reaction between Ag and TCNQ once Ag is oxidized onto the electrode surface 

(equation 9, 10). 
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Ag+(MeCN) + e-  Ag(s)      (9) 

Ag(s) + TCNQ(s)  [Ag+TCNQ-](s)     (10) 

The electrocrystallization of AgTCNQ in acetonitrile shows that product 

morphology is dependent on the electrocrystallization potential and the deposition 

time, which is analogous to CuTCNQ system. That is, either longer deposition times 

or more negative potentials generates a film of ‘blue crystals’ of AgTCNQ on the 

electrode surface, while in the opposite case, discrete red needles are formed. The 

mechanism was postulated to involve the stabilization of (TCNQ)(TCNQ-) dimer by 

Ag+ followed by the reduction of TCNQ to TCNQ- to form final product AgTCNQ 

(equation 11, 12).43  

Ag+(MeCN) + TCNQ(MeCN) + TCNQ-(MeCN)  Ag+[(TCNQ)(TCNQ-)](MeCN)  (11) 

Ag+[(TCNQ)(TCNQ-)](MeCN) + e-  [Ag+TCNQ-]s + TCNQ-(MeCN)   (12) 

However, cyclic voltammetry is not able to distinguish between these two phases 

of AgTCNQ synthesized chemically. Differing from two phases of CuTCNQ, which 

are convertible as kinetically and thermodynamically favoured products, two 

morphologies of AgTCNQ cannot be interconverted, so being obtained via different 

chemical synthesis pathways.16 

Cyclic voltammetry of TCNQF4 in the presence of Ag+ ions in acetonitrile has also 

been studied. In this case, as electrocrystallization of AgTCNQF4 occurred, the ratio 

of the TCNQF40/- reduction and oxidation peak currents decreased as expected, but 

there was no obvious solid state stripping process. Now, due to the much more 

positive redox potential of the second reduction process compared to that of 

TCNQ, the TCNQF4-/2- occurs before the Ag+ reduction process thus allowing the 

electrocrystallization of Ag2TCNQF4 to be achieved within the extended potential 

range at more negative values. The formation of TCNQF42--based materials in 

voltammetric time scale is a remarkable discovery due to the stabilization effect of 

four fluorine substituents on the TCNQ molecule. However, Ag2TCNQF4 material is 

not stable and decomposes as described in equation 13.45 

(m+n)Ag2TCNQF4  mAg2TCNQF4 + nAg + nAgTCNQF4  (13) 

In addition to novel applications for electronic devices due to the switching 

behavior of TCNQFn based materials, O’Mullane and co-workers recently proposed 
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their use as heterogeneous catalysts for redox reaction between [Fe(CN)6]3- and 

S2O82-.48 It was found that a copper foil coated with CuTCNQFn (n = 0, 4) or 

AgTCNQn (n = 0, 4) facilitates this redox reaction at variable rates depending on 

the nature of the catalyst. Interestingly, although the conductivity are considerably 

lower, the fluorinated derivatives significantly enhance the rate of the reduction of 

[Fe(CN)6]3- with S2O82-, compared to TCNQ based catalyst. The catalysts can be 

reused up to 50 cycles with a constant activity. Recently, the catalytic activity of 

TCNQFn base materials was illustrated by the complex 

[(NH3)4Pt](TCNQF4)2⋅(DMF)4 employing the same redox system of [Fe(CN)6]3- and 

S2O82-.49 The catalytic mechanism involves the replacement of S2O82- with DMF 

solvate when the crystal is soaked in aqueous solution. This facilitates the 

reduction of TCNQF4- to TCNQF42- and then a redox reaction between TCNQF42- and 

[Fe(CN)6]3- generating [Fe(CN)6]4-. From these studies it is noticeable that the 

fluorine substituents on the TCNQ moiety not only enhance the stability of the 

anions but also improve the catalyst activity. Although the electron withdrawing 

effects of fluorine substituents on the TCNQ ring is not the only factor, it plays an 

important role in the enhancing of the catalytic activity.  

1.2. TCNQF and TCNQF2 – Electrical and structural properties – A 

comparison to TCNQ and TCNQF4 derivative 

The mono- TCNQF (TCNQF = fluoro-7,7,8,8-tetracyanoquinodimethane) and 

difluoro-substituted, TCNQF2 (TCNQF2 = 2,5-difluoro-7,7,8,8-

tetracyanoquinodimethane) (see Figure 1) are expected to possess intermediate 

electron transfer properties compared with TCNQ and TCNQF4. As for quinone 

systems, the increase in the number electron withdrawing substituent shifts the 

redox potentials of the quinone derivatives.50,51 Indeed, the electron affinities of 

TCNQF and TCNQF2 were reported to be 2.95 and 3.02 eV respectively, which lies 

midway between that of TCNQ and TCNQF4, which are 2.85 and 3.20 eV, 

respectively.52,53 Thus, the substituent effect is related to the properties of TCNQFn 

and can be described using a Hammett plot. In previous studies on TCNQF4 - the 

four fluorine substituents derivatives - the reversible potentials for both TCNQFn0/-

/2- processes shifted positively so the stability of the dianion is significant 

enhanced in comparison with those of TCNQ.12-14 Inclusion of one and two fluorine 
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substituents on the TCNQ is expected that the redox chemistry will exhibit 

intermediate properties, between that of TCNQ and TCNQF4. 

The crystal, molecular and electronic structures of TCNQF and TCNQF2 have been 

investigated and compared with those of TCNQ and TCNQF4.52-55 The space group 

among four derivatives is listed in table 1. Among these four molecules, the 2,5-

TCNQF2 has a highly symmetric structure which is monoclinic C2h symmetry. In 

contrast, TCNQF is the only compound in the family that is asymmetric which gives 

rise to a permanent molecule dipole moment. 

Table 1. Crystallography space group of TCNQFn(n = 0-2, 4) 

 TCNQ TCNQF TCNQF2 TCNQF4 
Space group C2/c P21/m C2/m Pbca 

Representative intramolecular bond lengths of the four TCNQ derivatives are 

shown in Figure 3. The bond lengths vary in each derivative; however, the fluoro-

substituent effect only has a minor influence on these intramolecular bond lengths. 

In contrast, the variation of specific bond angles greatly reflects the number of 

fluorine atoms in the molecules. As can be seen from Table 2, bond angle C3-C4-C5 

decreases, while C1-C3-C2 and C5-C4-C6 bond angles increase with the increase of 

the degree of fluorine substituents.  

 

Figure 3.  Representative bond lengths in crystal structure of TCNQFn (n = 0-2, 4)56 
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Table 2. Representative bond angles in crystal structure of TCNQFn (n = 0-2, 4) 

 
 
 

Bond angle (o) TCNQ TCNQF TCNQF2 TCNQF4 
C3-C4-C5 122.1 123.3 124.8 124.4 
C5-C4-C6 115.9 115.6 114.8 112.4 
C1-C3-C2 118.3 115.9 115.5 113.7 

 

The single crystal structure of TCNQ is described to be dominated by 

intermolecular stacking interaction between quinone rings. Whereas, TCNQF4 is 

considered as amphoteric molecule, which can act as both a base through the 

electron rich cyano group and an acid through electron-deficient fluorinated ring C 

atoms, due to the main intermolecular interaction being N…C-F, as described in 

Figure 4. 52,55 Similar to TCNQ crystallography, both TCNQF and TCNQF2 all contain 

arrays of parallel-aligned molecules. However, the antiparallel cyano-cyano 

coupling was found in TCNQF and TCNQF2 (Figure 4). The coupling of local dipole 

moments in the crystal structure of TCNQF involves an internal interleaving of 

molecules, while that in the crystal structure of 2,5-TCNQF2 is external.  
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Figure 4. Dominant intermolecular interactions in crystal structure of TCNQFn (n = 

0-2, 4). D is the interplanar distance between two neighbouring layers. Adapted 

from ref 57.56 

1.3. Studies on TCNQF and TCNQF2 complexes 

In a study on the formation of charge transfer salts between a TCNQ fluoro 

derivative with an iodinated tetrathiafulvalene derivative, EDT-TTF-I (see Figure 

5), an increase in the number of fluoro substituents on TCNQ leads to an enhanced 

ionicity in these complexes.37,57 For example, the complexes with TCNQF4 were 

obtained with a degree of charge transfer of +1, while that of TCNQF2 had a charge 

of 0.5. Interestingly, TCNQ can also form charge transfer complexes with either ρ = 

0.5 or neutral 2:1 complex ρ = 0 (where ρ is the degree of charge transfer). 

Unfortunately, more detailed investigation on the TCNQF salt was limited by the 

small quantities of materials available and poor crystallinity. In another study at 

1500K, where EDT-TTF-I was replaced by EDT-TTF2, the complex formed with 

TCNQ showed a charge ρ of 0, while that of TCNQF formed a complex with ρ of –

0.1, the charge of TCNQF2 was report to be 1.1. These studies support an increase 
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of ionicity in charge transfer salts that increase with the number of fluoro 

substituents. 

 

Figure 5. Molecular structure of EDT-TTF-I, EDT-TTF-I2, DBTTF and cytsosine 

Further studies on the charge-assisted halogen bonding within donor-acceptor 

complexes were done by Lieffrig et. al. They described the effect of increase the 

number of fluorine substituents on the halogen bond distance as well as on the 

charge transfer degree in EDTTTFI2-TCNQFn. An increase of fluorine substituents 

not only drives the charge transfer degree of TCNQFn- to fully ionic but also 

shortens the C-I … N=C halogen bond.  In terms of resistivity of these charge 

transfer complexes at 2930K, TCNQF2-based complexes possess the lowest 

resistivity while the TCNQ complex is most resistant. 57 

Crystal structures of several complexes of TCNQF2 with TTF derivatives also have 

been reported.37-39 Dimer stacking was observed in the structure of DBTTF-

TCNQF2. More interestingly, a complex of TCNQF2 and a nucleobase, cytosine, 

showed a fully ionic material of the monoanion TCNQF2- and the cytosine cation.58  

Another TCNQF complex reported is a heterospin single-chain magnet 

(valpn)CuTb(TCNQF)2(H2O)4-[TCNQF].CH3OH-6H2O demonstrating a single chain 

magnet which involves stacking interaction of TCNQF- radicals (H2valpn is the 

Schiff base from the condensation of o-vanillin with 1,3-diaminopropane).59 

In summary, although a few TCNQF and TCNQF2-based materials have been 

synthesized as noted before and some properties assessed, fundamental 

understanding has yet to be undertaken and is addressed for the first time in this 

thesis, and compare with results available for TCNQ and TCNQF4. 

1.4. Thesis objectives 

The primary aim of this thesis is to investigate the chemistry and redox properties 

of TCNQF and TCNQF2 in comparison with TCNQ and TCNQF4 derivatives: 
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1. To understand the kinetics, thermodynamics and mechanism associated with 

reduction of TCNQF and TCNQF2 in acetonitrile in the presence or absence of an 

acid or a metal cation and compare with TCNQ and TCNQF4.  

2. To understand the substituent effect on the chemistry and electrochemistry of 

TCNQFn derivatives (n = 0, 1, 2, 4). 

3. To electrochemically and chemically synthesize new materials based on the 

monoanions and dianions of TCNQF, TCNQF2 and TCNQF4 

4. To characterize the structures, conductivities, morphologies and catalytic 

activity of the new materials.  
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Chapter 2 

Investigation of the redox and acid-base properties of TCNQF and 

TCNQF2 – Electrochemistry, vibrational spectroscopy and substituent 

effects 

Abstract 

Electrochemistry and the acid-base chemistry of TCNQF and TCNQF2 are reported 

and these results are compared to those reported previously with TCNQ and 

TCNQF4. In acetonitrile solution, both mono- and di-fluorinated TCNQ derivatives 

show two well resolved, diffusion-controlled chemically and electrochemically 

reversible one-electron transfer processes under conditions of cyclic voltammetry. 

The reversible potentials of the mono and difluoro-TCNQ were determined for 

both the monoanion and dianionic processes, i.e. TCNQF0/-/2- and TCNQF20/-/2-. A 

Hammett plot shows a linear relationship of the potential difference between the 

three fluorinated derivatives and TCNQ and the sum of the Hammett constant for 

fluoro substitution. A significant positive shift in the reversible potential is found 

by increasing the number of fluoro substitutents. Although the first TCNQFn0/- (n = 

1, 2) reduction process is not affected by addition of trifluoroacetic acid (TFA), the 

dianions are more basic and rapidly protonated to formed H2TCNQFn which 

explained the significant change detected in the electrochemistry of the second 

TCNQ(F)n-/2- redox process. The addition of TFA to solutions of the monoanionic 

form also gives rise to the disproportionation of TCNQFn- to TCNQFn and 

H2TCNQ(F)n, as proved electrochemically and spectroscopically. Furthermore, the 

higher the number of fluoro substitutents results in the reduced form of the 

molecule being more stable, as evidenced by both UV-Vis spectra and voltammetric 

measurements.  

2.1. Introduction 

TCNQ (TCNQ = 7,7,8,8-tetracyanoquinodimethane) and its halogenated derivatives 

can be reduced to the anion radical and the dianion, both which are good electron 

acceptors. The electrochemistry of TCNQXn and the synthesis of TCNQXn-based 

charge-transfer complexes were first reported in the 1970s with the most famous 
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example of an organic charge-transfer complex being TTF.TCNQ.1-3 Halogenated 

derivatives, particularly the fluorinated ones (Figure 1) are of special interest since 

this substituent enhances the stability of the reduced forms of the charge transfer 

compounds. 4-8 

 

Figure 1: Structures of TCNQ, TCNQF, TCNQF2 and TCNQF4 

In this study, the electrochemistry of the mono (TCNQF) and di-fluoro (TCNQF2) 

derivatives of TCNQ have been investigated. In earlier studies with TCNQF4, it was 

showed that with four fluorine substituents, the reversible potential shifted 

positively by ~360 mV and the stability of the dianion TCNQF22- was greatly 

enhanced in comparision with TCNQ2-.4-6 The acid-base chemistry of TCNQFn is 

also considered. With one and two fluorine substituents, intermediate properties 

are expected. 

The Hammett equation has been used to assess the electronic effect of a 

substituent attached directly to an aryl system.9,10 Although originally based on 

proton dissociation constants of substituted benzoic acids, the Hammett equation 

is applicable to an equilibria of any substituted aromatic compounds. The 

Hammett equation is given in eq 1, where K is the equilibrium constant of a 

reaction involving a substituted aryl system,   is the Hammett constant,   is the 

reaction constant and K0 is the equilibrium constant for the unsubstituted parent 

compound. 

               
  

     (1) 

The equilibrium constant of a redox reaction can be expressed in term of its 

standard redox potential E0 
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According to equation 4, a linear relationship between the sum of   for all the 

substituents and the potential difference     between TCNQ and the fluorinated 

derivatives should be established. 

It is well-known that protonation affects the electrochemistry of the quinone 

family.11 This can also be applied to TCNQ derivatives.12,13 Protonation plays an 

important role in controlling the redox chemistry as well as the stability of the 

basic anions. Employing simulations, the two equilibrium constants associated 

with protonation of the dianions in the presence of trifluoroacetic acid (TFA), were 

determined to be 1×108 and 2×102 for TCNQ2- compared with 3×103 and 1 for 

TCNQF42-.12,13 This is a great difference in the basicity of the TCNQ2- and TCNQF42- 

dianions. Therefore acid-base studies with TCNQF2 and TCNQF, will provide a 

more complete understanding on the influence of the substituent effect within the 

TCNQFn family. 

In this report, the electrochemistry and acid-base chemistry of TCNQF and TCNQF2 

along with their radical anions and dianions have been investigated in the 

presence of TFA and the results have been compared with published data on TCNQ 

and TCNQF4. Simulations of the cyclic voltammograms have been used to establish 

the details of the proton-coupled electron transfer mechanism and to extract the 

kinetic and thermodynamic parameters associated with these processes. 

Characteristic UV-Vis, IR and Raman spectroscopy are also employed as a 

diagnostic tool for further characterization.  

2.2. Experiments 

2.2.1. Chemicals 

TCNQF and TCNQF2 (98%, TCI Tokyo), acetonitrile (HPLC grade, Omnisolv) and 

acetone (suprasolv, Merch KGaA) were used as received from the manufacturer. 

Bu4NPF6 (Aldrich), used as the supporting electrolyte in electrochemical studies, 
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was recrystallized twice from 96% ethanol (Merck) and then dried at 100oC under 

vacuum for 24 hours prior to use.  

2.2.2. Electrochemistry  

Voltammetry experiments were studied at room temperature using a Bioanalytical 

systems (BAS) 100W workstation. A standard three electrode cell configuration, 

comprising of a glassy carbon (GC, 1 mm diameter) working electrode (WE), a 

Ag/Ag+ reference electrode (RE) and a 1.0 mm diameter platinum wire counter 

electrode, were employed in those experiments. The working electrode was 

polished with 0.3 µm alumina slurry on a microcloth polishing cloth, washed with 

water followed by sonication in an ultrasonic bath for 30 seconds before being 

used for voltammetric experiments. The WE was polished and washed after each 

run to ensure a fresh electrode surface.  The RE was constructed of an Ag wire in 

contact with an acetonitrile solution of 0.1 M Bu4NPF6 containing 1.0 mM AgNO3, 

which was separated from the solution under studied by a salt bridge. The relative 

potential of this reference electrode is -124 mV vs the ferrocene/ferrocenium, Fc0/+ 

couple. All the solutions under studied were purged with nitrogen gas for at least 

10 min and a stream of nitrogen was maintained above the solutions during the 

course of the voltammetric experiments. In bulk electrolysis experiment, a Pt mesh 

was used as the working electrode rather the GC electrode.  

Electrochemistry of the dianionic solution TCNQFn2- was performed in a glove box. 

2.2.3. Simulation software 

Digi Sim 3.0 software distributed by BAS was used to simulate the cyclic 

voltammograms. 

2.2.4. DFT calculation of IR and Raman spectra 

Geometry optimizations and harmonic vibrational frequency calculations were 

performed for gas-phase TCNQFn and TCNQF using the B3LYP density functional 

theory14,15 in conjunction with the 6131G(2df,p) basis set16. This model is known 

to give good accuracy for the calculation of vibrational frequencies and is 

employed in G4 theory for the accurate calculation of zero-point energies.17 In each 

calculation the full symmetry of the molecule was used which is C2h for TCNQFn, 

TCNQFn- and TCNQF22-.  



 

 21 

B3LYP/6131G(2df,p) vibrational frequencies are normally scaled by a factor of 

0.985418 to account for known deficiencies in the method19 (incomplete basis set, 

anharmonicity, etc.). This factor gives good agreement between theory and 

experiment for most frequencies below 2000 cm-1. However the nitrile stretching 

frequencies (at ~2200 cm-1) and the C-H stretching frequencies (at ~3050 cm-1) 

are consistently over predicted. In earlier work,20 a new scaling factor of 0.9556  

was determined for nitrile stretching frequencies. In this study a revised the 

scaling factor of 0.9513 was used for all frequencies above 3000 cm-1. This factor 

was determined by comparing the calculated C-H stretching frequencies with 

experimental values21. 

2.2.5. Other instrumentation 

UV-Vis spectra were recorded with a Varian Cary 5000 UV-Vis NIR 

spectrophotometer using a 1.0 cm path length quartz cuvette.  A Varian UMA600 

IR microscope and FTS7000 optics bench using 128 scans and a resolution of 8 cm-

1 was used to obtain IR spectra. Raman spectra were recorded with a Renishaw 

Invia Raman spectrograph using Argon ion laser excitation at 633 nm 

2.3. Result and discussion 

2.3.1. Electrochemistry of TCNQF and TCNQF2 in CH3CN in comparision with 

TCNQ and TCNQF4 

Cyclic voltammograms obtained with 1.0 mM solutions of TCNQF and TCNQF2 in 

acetonitrile (0.1M Bu4NPF6) compared with those of TCNQ and TCNQF4 in Figure 2. 

All exhibit two well resolved diffusion-controlled chemically and electrochemically 

reversible one -electron reduction processes, corresponding to the two steps:  

TCNQFn + e  TCNQFn-  (5) 

TCNQFn-+ e  TCNQFn2-  (6)   where n = 1 and 2 

The midpoint potentials (Em, calculated from the average of the reduction and 

oxidation peak potentials recorded under these transient conditions) of both 

reduction processes for the four TCNQ derivatives are summarized in Table 1. Em 

provides a very good approximation of E0, the reversible potential. The separation 



 

 22 

between two processes (ΔE) increase12,13 and Em values shift consistently to more 

positive values on the addition of each fluorine substituent.  

 

Figure 2: Cyclic voltammograms obtained at a scan rate of 100 mV.s-1 in 

acetonitrile solution (0.1 M Bu4NPF6) for 1.0 mM TCNQ, TCNQF, TCNQF2, and 

TCNQF4 at a 1.0 mm diameter GC electrode.  

 

Figure 3: Voltammograms obtained from 1.0 mM TCNQFn, TCNQFn- and TCNQFn2- 

in acetonitrile (0.1 M Bu4NPF6); (a,c) Cyclic voltammograms with a 3.0 mm 

diameter GC eleectrode (ν = 100 mV.s-1) and (b,d) Near steady state 

voltammograms at a 10μm diameter gold micro disc electrode (ν = 50 mV.s-1) 
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This reversible potential order is in agreement with the reported first electron 

affinities of the family, that are        = 2.85 eV <          = 2.95 eV 

<                                   22,23  

Steady state and transient cyclic voltammograms of TCNQFn, the monoanion and 

dianion solutions prepared by bulk electrolysis are shown in Figure 3. The two 

reduction steps of a solution containing neutral TCNQFn are confirmed by the 

present of purely negative current in the steady state voltammogram. The purely 

positive current obtained with TCNQFn2- confirms that both processes of the 

dianion are oxidation ones. Voltammograms of a solution of the monoanion results 

in negative current for the reduction to the dianion and positive current for the 

oxidation to neutral TCNQFn. However, while TCNQFn- solutions were highly stable 

under N2 purging after preparation by bulk electrolysis, TCNQFn2- was unstable as 

evidenced by the rapid decay in oxidation current signal on consecutive scans. The 

instability of the TCNQFn2- solution will be discussed further.  

Table 1: Summary of midpoint potentials summary of TCNQ, TCNQF, TCNQF2 and 

TCNQF4 

 Em1 (mV) vs Ag/Ag+ Em2 (mV) vs Ag/Ag+ ΔE (mV) vs Ag/Ag+ 

TCNQ -60 -610 550 

TCNQF 35 -502 537 

TCNQF2 129 -408 537 

TCNQF4 305 -221 526 

 

The substituent effect on the electrochemistry of TCNQFn is well described by the 

Hammett equation refered to above. Thus    
  , the Em potential differences (very 

similar to half-wave potential, E1/2 or E0 difference) between a derivative and 

TCNQ, for the first redox process are in linear relationship against the summation 

of the Hammett constant  σm as shown in figure 4 with a correlation coefficient of 

0.99. The Hammett constant for the fluorine substituent was taken from ref. 9. This 
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linear relationship confirms that an increase of the number of fluorine 

substituents, which is an electron-withdrawing substituent, enhances the electron 

affinity of the TCNQFn derivatives. 

 

Figure 4:    
  vs  σ Hammett plot of TCNQFn  (n = 0-2, 4) 

The diffusion coefficients of TCNQF and TCNQF2 were determined by applying the 

Randles-Sevcik equation which described the dependence of peak current in the 

voltammograms for a reversible process with scan rate as shown in equation 7.  

The Randles-Sevcik equation:24  ip = 0.4463 nFAC(    
  

     (7) 

where ip: peak current, n: number of electrons transferred, A: electrode area (cm2), 

F: Faraday constant (C.mol-1), D: diffusion coefficient (cm2.s-1), C: concentration 

(mol.cm-3), ν: scan rate (V.s-1), R: gas constant and T: temperature (0K).  

As expected for a reversible diffusion controlled redox processes, the reduction 

peak current increases linearly with ν1/2. The diffusion coefficients of TCNQF and 

TCNQF2 found by analysis of the scan rate dependence and use of equation 7 were 

2.15±0.13u10-5 and 2.10±0.17u10-5 cm.s-1 respectively and similar to those of 

TCNQF4 (2.0u10-5 cm.s-1) and TCNQ (1.9u10-5 cm.s-1).13,25  

2.3.2. UV-Vis spectroscopy of TCNQFn and the anions in acetonitrile  

The neutral TCNQ and TCNQF4,26,27 as well as their anions show a distinct 

absorption spectrum maxima which provides a useful tool to identify the oxidation 

state(s) present in solution. Hence, the UV-Vis spectroscopy of TCNQF and TCNQF2 
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and their anions (Figure 5) was also recorded to identify their characteristic 

maxima in acetonitrile and are listed in table 2.  

Table 2. λmax (nm) of TCNQFn neutral and anions in acetonitrile 

λmax (nm) 0 -1 -2 

TCNQF 391 417, 744 311 

TCNQF2 392 418, 742 323 

Monitoring the time dependence of solutions using UV-Vis spectroscopy also 

provides information on the stability of TCNQ(F)n and their anions  in the presence 

of air. While the neutral and the monoanion of TCNQ(F)n were found to be stable to 

aerial oxygen, the dianions are not. In the case of both TCNQF2- and TCNQF22- 

solutions, and in the presence of air, a peak at Omax ~475 nm increased in intensity 

with time (Figures 6 and 7). This maximum is associated with formation of the 

fluorinated dicyano-p-toluoylcyanide anion (DCTC-), a decomposition product of 

TCNQ and its derivatives, according to reaction in scheme 1:28  

 

Scheme 1: Decomposition of TCNQ to dicyano-p-toluoylcyanide anion (DCTC-) in 

the presence of air (Adapted from ref 11) 

In the case of TCNQF2-, this decomposition absorption band only appeared after 

leaving the solution stand under open-air condition for 15 minutes. The aerial 
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stability of TCNQF22- lies between that of TCNQ2-, which only can be obtained 

under anaerobic conditions, and the tetrafluorinated TCNQF42- which does not 

react with air. The TCNQF2 confirms the substituent effect of two fluorines on the 

TCNQ parent, where the stability of the dianion increases with the number of 

fluorine atoms attached. 

  

Figure 5: UV-Vis spectra of neutral TCNQ(F)n (black) and their anions TCNQ(F)n- 

(red) and TCNQ(F)n2- (blue) in acetonitrile. 

 

Figure 6: UV-Vis spectra of TCNQF22- solution in acetonitrile (black), and exposed 

to the air for 15 (red) and 30 (green) minutes. Decomposition is indicated by the 

appearance of a new band at 475 nm. 
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Figure 7: UV-Vis spectra of TCNQF2- solution in acetonitrile (black), and exposed to 

the air for 15 mins (red). 

2.3.3. Electrochemistry of TCNQFn, TCNQFn- and TCNQFn2- in acetonitrile in the 

presence of trifluoroacetic acid (n = 1, 2) 

Voltammetry of TCNQFn in acetonitrile in the presence of TFA 

The transient and steady state voltammetry of neutral TCNQFn (n = 1, 2) and its 

anions were studied as a function of TFA concentration.  The voltammograms 

obtained are presented in Figure 8. Addition of TFA over the concentration range 

of 0.3 mM to 10.0 mM into a 1.0 mM solution of TCNQF2 shows that the first 

reduction process of TCNQF20/- (Red1) is independent of TFA concentration 

(Figure 8a). In contrast, the second reduction process TCNQF2 -/2- (Red2) initially at 

-470 mV changes dramatically. On addition of 0.3 mM TFA, the current magnitude 

of Red2 diminishes with the concomitant appearance of a new reduction process at 

much more positive potential of -274 mV (Red3). When the concentration of TFA 

exceeds 1 equivalent, Red2 process disappears and is completely replaced by Red3 

with the peak potential of Red3 shifts positively from -274 mV to -188 mV as the 

concentration of TFA in the solution is increased from 0.3 to 10.0 mM. This 

behavior is characteristic of a proton-coupled electron transfer process (EC 

mechanism), which implies that TCNQF22- reacts with protons in solution after 

formation by reduction of TCNQF2-. On the reverse potential scan, upon adding 

TFA from 0.3 to 10.0 mM, the counterpart oxidation process of Red2, Ox2, 

decreases and disappears with Red2. An addition of TFA at the concentration equal 
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5.0 to 10.0 mM gives rise to an oxidation process Ox3 at 450 mV, concomitantly 

with the drop in current magnitude of Ox1 process. This suggests that TCNQF22- is 

protonated in the presence of TFA and Ox3 process can be attributed to the 

oxidation of the protonation form.  

An analogous behavior was observed with TCNQF. In this case, although Ep of Red1 

does not shift, the current magnitude of the first reduction process TCNQF0/- 

markedly increases upon addition of TFA (Figure 8c). This is consistent with that 

the disproportionation of TCNQF-, which produces TCNQF0, is more remarkable 

than that of TCNQF2- (eq. 8) 

TCNQF- + H+  TCNQF + H2TCNQF   (8) 

Also, on the positive scan, the decrease in current magnitude of Ox1 is more 

significant than that was observed with TCNQF2. 

 

Figure 8. Volammograms obtained from 1.0 mM TCNQFn solution in the presence 

of designated TFA concentrations: Cyclic voltammograms with a 3.0 mm diameter 

GC eleectrode (ν = 100 mV.s-1) for (a) TCNQF2 and (c) TCNQF; and steady state 

voltammograms using a 10μm diameter gold micro electrode (ν = 50 mV.s-1) for 

(b) TCNQF2 and (d) TCNQF 
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The steady state voltammograms of TCNQFn also confirm the independence of 

TCNQFn0/- reduction process on TFA concentration (Figure 8b,d). Indeed, the 

current magnitude and E1/2 values of this process remain virtually unchanged 

upon adding up to 10.0 mM TFA. In contrast, the second redox step changes 

dramatically. When 0.3 mM TFA was added into 1.0 mM TCNQFn solution, a new 

irreversible wave appeared prior to the second process with an E1/2 value of -215 

mV for TCNQF2 and -337 mV for TCNQF; and the limiting current magnitude of the 

second process concomitantly decreased. At higher concentration of TFA, the 

TCNQFn-/2- process was replaced by the new one whose E1/2 value shifts to more 

positive potential as a function of the TFA concentration.    

Direct protonation of TCNQFn2- in the presence of TFA 

The protonation of TCNQFn2- dianion was confirmed by studying the voltammetry 

of TCNQFn2-, which was prepared by exhaustive bulk reduction electrolysis of 

TCNQFn, in the presence of TFA. Voltammograms obtained are presented in Figure 

9. Under steady state condition (Figure 9b,d), right after adding 0.3mM TFA into 

1.0 mM solution of TCNQFn2- the current magnitude of TCNQFn2-/- drops 

significantly. It diminishes and approaches zero when increasing the concentration 

of added TFA. This phenomenon can be explained by the direct protonation of 

TCNQFn2- in the presence of TFA which leaving less TCNQFn2- available in the 

solution. At high concentration of TFA, presumably when the TCNQFn2- was fully 

protonated, the limiting current of TCNQFn2/- process drops to zero. At the same 

time, in contrast with what is observed in steady state voltammetry of neutral 

TCNQFn in the presence of TFA, the process at positive potential becomes 

complicated in this scenario. Although the first process of TCNQFn-/TCNQFn is still 

visible at TFA/TCNQFn2- ratio is less than 0.5, there is another redox process at 

more positive potential. When increase the concentration of TFA to a higher ratio, 

the TCNQFn-/TCNQFn process was totally replaced by the new redox process at 

more positive potential. This implies that the protonation form of TCNQFn2- was 

oxidized at more positive potential.  



 

 30 

 

Figure 9. Cyclic volammograms obtained from 1.0 mM TCNQFn2- solution in the 

presence of designated TFA concentration with a 3.0 mm diameter GC eleectrode 

(ν = 100 mV.s-1) for (a) TCNQF2- and (b) TCNQF22- and Near steady state 

voltammograms at a 10μm diameter gold micro electrode (ν = 50 mV.s-1) for (c) 

TCNQF2- and (d) TCNQF22- 

Similarly, the transient cyclic voltammetry of TCNQF2- also describes a current 

drop of process Ox2 when increase the concentration of TFA in solution (Figure 

9a). The current magnitude of Ox1, corresponding to the oxidation TCNQFn-/0, in 

the other hand increases when small TFA concentration is added (up to 1.0 mM) 

and then decreases at higher TFA levels with the concomitant arise of the new 

process Ox3. Also, when the potential is switched back to negative direction, the 

voltammetric waves obtained resembles to that of TCNQF solution with added 

TFA.  This implies that in the voltammetric time scale, the protonated form of 

TCNQFn2- was oxidized to TCNQFn if the potential was scanned to positive enough. 

Although, comparable behavior was observed for TCNQF22-, it is noticeable that at 
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the addition of 1.0 mM of TFA into 1.0 mM TCNQF22-, Ox2 process is still detectable 

(Figure 9c) implying that the equilibrium constants of the protonation step differs 

for TCNQF2- and TCNQF22- 

From these observations, it is likely that although the TCNQFn0/- is independent on 

the addition of TFA, TCNQFn2- electrochemically produced from TCNQF2- is 

protonated in two steps to form HTCNQFn- and H2TCNQFn with the equilibirum 

constant of K1 and K2 (equations 8, 9). It is assumed that H2TCNQFn is stable, 

similar to both H2TCNQ and H2TCNQF4.12,13 Furthermore, HTCNQFn- is oxidized 

back to neutral TCNQFn at a potential close to that of TCNQFn-, supported by the 

fact that the oxidation current increases when up to 1.0 mM of TFA is added to 1.0 

mM of TCNQFn2-.  

TCNQFn2- + H+       HTCNQFn-            K1  (9) 

HTCNQFn- + H+      H2TCNQFn          K2  (10) 

The appearance of the new oxidation peak Ox3, simultaneously with the reduction 

of peak current magnitude of Ox1 at high TFA concentration implies that 

HTCNQFn- is oxidized back to neutral TCNQFn via two different steps depending on 

the TFA concentration.   

Disproportion of TCNQFn- in the presence of TFA 

In order to understand the effect of protonation to the monoanion, the 

voltammmetric experiments of TCNQFn- were performed in the presence of TFA at 

different concentrations as presented in Figure 10. As expected, the transient 

cyclic voltammograms for 1.0 mM of TCNQFn- in the presence of increased TFA 

concentration resembled to those for the neutral TCNQFn solution. At 0.5 mM of 

TFA, another oxidation step clearly happens prior the reduction of TCNQFn- to 

TCNQFn2-. This is consistent with the protonation of TCNQFn2- right after it was 

formed from the reduction of TCNQFn-. It is also consistent with the presence of 

0.5mM of TFA which is equal to half of TCNQFn- concentration. Upon increase of the 

TFA concentration, the reversibility is totally lost at 1.0 mM of TFA up to 10.0 mM 

of TFA. Furthermore, the first process also loses its reversibility. Although the 

reduction current isn’t modifed, the oxidation wave not only decreases in 

magnitude but also changes in shape. 
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Figure 10. Volammograms obtained from 1.0 mM TCNQ(F)n- solution in the 

presence of designated TFA concentration Cyclic voltammograms with a 3.0 mm 

diameter GC eleectrode (ν = 100 mV.s-1) for (a) TCNQF- and (b) TCNQF2- and Near 

steady state voltammograms at a 10μm diameter gold micro electrode (ν = 50 

mV.s-1) for (c) TCNQF- and (d) TCNQF2- 

The steady state voltammetry of TCNQFn- in the presence of TFA provides new 

information. Along with a positive shift in the E1/2 value for the second process, the 

current density decreases as the TFA concentration increases. In addition, the 

current between the two major processes is no longer zero but becomes negative 

implying that TCNQFn is now generated in the bulk solution. This is also consistent 

with the increase in current magnitude of Red1 when high concentration of TFA is 

added to TCNQF solution. These observations are in good agreement with the 

voltammetric results discussed above with equation 8. Furthermore, the limiting 

current also decreases as a function of added TFA, implying that in addition to the 

formation of TCNQFn, the reaction of TCNQFn- with protons can also form another 

electro-inactive product. From observation of the steady state voltammograms, it 
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can be assumed that the equilibrium constant for the reaction between TCNQF2- 

and TFA is smaller than that of TCNQF- and TFA. The result will be quantified in 

the Digital Simulation section. 

The formation of neutral TCNQFn when TFA is added to TCNQFn- was confirmed by 

the UV-Vis spectra shown in Figure 11. The absorption maxima at 424 and 743 nm, 

diagnostic of the mono radical anion, are replaced by a maximum at 393, 

characteristic for TCNQF2, upon increase of the concentration of TFA.  

 

 

Figure 11. UV-Vis spectra obtained after the addition of designated TFA 

concentration to 1.0 mM  (a) TCNQF2- and (b) TCNQF- solution in acetonitrile (0.1 

M Bu4NPF6) followed by a 60-fold dilution. 

2.3.4. Simulation of the voltammetry of TCNQFn and its anions in the presence 

of TFA 

The mechanism of protonation of TCNQ and TCNQF4 has been reported.12,13 A 

similar mechanism was proposed for simulation of the voltammetry of TCNQF and 

TCNQF2. These reactions are: (i) neutral TCNQFn is not affected by TFA, (ii) 

TCNQFn- disproportionates in the presence of TFA forming TCNQFn and H2TCNQFn, 

(iii) TCNQFn2- is protonated in two sequential steps to form HTCNQFn- and 

H2TCNQFn, (iv) HTCNQFn- is oxidized to HTCNQFn
y at the potential for TCNQFn- 

oxidation, (v) HTCNQFn
y  is oxidized to HTCNQFn+ and then dissociates to TCNQF4 

and H+.. The mechanism proposed occur via the reactions given in equations 11 to 

20 

(a) (b) 
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TCNQFn + e-             TCNQFn-      (11) 

TCNQFn-  + e-      TCNQFn2-     (12) 

TCNQFn- + HA   HTCNQFn· + A-    (13) 

HTCNQFn· + HTCNQFn·  H2TCNQFn + TCNQFn  (14) 

TCNQFn2- + HA        HTCNQFn- + A-   (15) 

HTCNQFn- + HA      H2TCNQFn + A-   (16) 

TCNQFn2- + H2TCNQFn   2HTCNQFn-   (17) 

HTCNQFn-        HTCNQFn· + e-    (18) 

HTCNQFn·     HTCNQFn+ + e-    (19) 

HTCNQFn+     TCNQFn + H+    (20) 

This mechanism is supported by simulations of cyclic voltammograms obtained for 

TCNQFn, TCNQFn- and TCNQFn2- over a range of concentrations and scan rates. It 

was a challenge to simulate such a complicated mechanism that requires 

estimations of many parameters. However, by applying the parameters listed in 

table 2, acceptable agreement was obtained with experiment for all experimental 

conditions used for both the mono and di-fluoro derivatives (Figures 12, 13). 
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Figure 12. Experimental (black line) and simulated (red line) cyclic 

voltammograms obtained in acetonitrile (0.1M Bu4NPF6) with 1.0 mM (a-c) 

TCNQF, (d-f) TCNQF- and (g-i) TCNQF2- at designated TFA concentration at 100 

mVs-1 using a 3.0 mm diameter GC electrode 
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Figure 13. Simulated (red line) and experimental (black line) and cyclic 

voltammograms obtained in acetonitrile (0.1M Bu4NPF6) with 1.0 mM (a-c) 

TCNQF2, (d-f) TCNQF2- and (g-i) TCNQF22- at designated TFA concentration using a 

scan rate of 100 mV.s-1 with a 3.0 mm diameter GC electrode



 

 37 

Table 2. Parameters used in the simulation of the cyclic voltammetry of TCNQFn (n = 1, 2) and its anions in acetonitrile in the presence of 

TFA 

  E0/V Keq ks/cm s-1 kf/M-1 s-1 

Step Reaction                                                     TCNQFn 1 2 1 2 1 2 1 2 

1 TCNQFn + e    =     TCNQFn-  0.04 0.11   0.1 0.1   

2 TCNQFn- + e  =  TCNQFn
2-  -0.50 -0.42   0.1 0.1   

3 TCNQFn-  + HA = HTCNQFn
y + A-   1.5×10-2 8.8×10-4   5.0×102 1.0 

4 HTCNQFn
y + HTCNQFn

y= H2TCNQFn   3.0×102 1.0×103   1.0×106 5.0×107 

5 TCNQFn
2- + HA   =    HTCNQFn

- + A-   2.0×107 8.0×105   1.0×1010 1.0×1010 

6 TCNQFn
2- + H2TCNQFn = HTCNQFn

- + HTCNQFn
-   4.0×106 1.3×107   1.0×1010 1.0×1010 

7 HTCNQFn
- + HA   =  H2TCNQFn + A-   5.0 1.0   1.0×104 6.0×103 

8 HTCNQFn
-    =  HTCNQFn

y + e 0.04 0.11   0.1 0.1   

9 HTCNQFn
y  =  HTCNQFn

+ + e 0.30 0.35   0.1 0.1   

10 HTCNQFn
+  + A- =  TCNQFn + HA   5.3×106    1.0×1010 1.0×1010 
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The parameters used in the simulation are  α = 0.50, T = 295oK, D(TCNQF2) = 2.1 

u10-5 cm2.s-1, D(TCNQF-, TCNQF2-) = 1.9u10-5 cm2.s-1, D(TCNQF2-, TCNQF22-) = 

1.5u10-5 cm2.s-1, D(TCNQF) = 2.15 u10-5 cm2.s-1, D(HA) = D(A-) = 3 u10-5 cm2.s-1, 

area of electrode = 0.075 cm2, Ru = 150 Ω, all potentials are versus Ag/Ag+. The 

electron transfers are assumed to be reversible, thus the ks value of 0.1 cm.s-1 was 

chosen. The kf values were chosen to be fast but not exceed value for diffusion 

control limit of about 1010 M-1.s-1.  

2.3.5. Comparison of the redox and acid base chemistry of the TCNQFn 

derivatives 

New data derived from voltammetric and spectroscopic studies on TCNQF and 

TCNQF2 allow comparison to be made across the series of TCNQFn derivatives. 

Firstly, all four derivatives undergo two diffusion-controlled, chemically and 

electrochemically reversible one electron reduction processed in acetonitrile. The 

reversible potentials for each of the TCNQFn0/- and TCNQFn-/2- couples shift 

positively with an increase in the level of fluorine substitution which was 

described by a linear relationship in the Hammett plot of the substituent effect and 

the redox potentials. Spectroscopic observation demonstrates an increased 

stability of the dianions in the order TCNQ2-, TCNQF2-, TCNQF22- and TCNQF42- on 

exposure to air to give decomposition product DCTC- derivatives. This result also 

confirms the role of the strong electron-withdrawing effect associated with fluoro 

substitution in enhancing the stability of the dianions. Finally, voltammetric 

simulations provide data that allow a quantitative comparison of the protonation 

of the anions (Table 3). Thus, equilibrium constants for different protonation steps 

of monoanions and dianions in this specific condition decrease from TCNQ to 

TCNQF4,  i.e step 3 from 4.0×10-2 to 3.9×10-6, step 5 from 1.0×108 to 3.0×103 and 

step 7 from 2.0×102 to 1. This outcome confirms the impact of an increase of the 

number of fluoro substituents on the stability of the anions, where TCNQF and 

TCNQF2 are the intermediate between TCNQ and TCNQF4.  
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Table 3. Summary of kinetics parameters of protonation steps  

 TCNQ(a) TCNQF(b) TCNQF2(b) TCNQF4(c) 

TCNQFn
y- + HA = HTCNQFn

y + A- 4.0×10-2 1.5×10-2 8.8×10-4 3.9×10-6 

TCNQFn2- + HA   =    HTCNQFn- + A- 1.0×108 2.0×107 8.0×105 3.0×103 

HTCNQFn- + HA   =  H2TCNQFn + A- 2.0×102 5.0 1.0 1.0 

a –ref 1313 , b – this work, c – ref 1212 

2.3.6. Vibrational spectroscopy of TCNQFn (n=1,2) 

The vibrational spectroscopy of TCNQ, its derivatives and their anions has been 

reported to be sensitive to their redox level. Although single crystal X-ray analysis 

provides an ideal approach to determine the redox level, growing crystals of 

TCNQ-based materials hasn’t been always successful. Therefore understanding the 

spectroscopic behavior in both infrared and raman spectra would provide a useful 

tool to assess the reduction level of TCNQ moiety. Recently, calculation of the 

harmonic vibrational frequencies for TCNQF4, TCNQF4- and TCNQF42- has been 

reported with a large basis set and shown to provide an accurate band assignment 

of IR and Raman spectra of the three TCNQF4 species and the diagnostics band to 

identify the redox level in unknown compounds.20 Within the interest of this study, 

a DFT calculation has been performed on TCNQF2 and TCNQF to produce a 

spectroscopic library on IR and Raman characteristic bands. However the mixing 

of δ(C-H) and δ(C-F)  with ν(C-C) becomes complicated in the case of TCNQF and 

TCNQF2, compared to those of TCNQF4 where there is lack of δ(C-H) mode. The 

mixing between modes is even more complicated in reduced species, producing 

significantly new characteristic bands. The vibrational modes of neutral TCNQFn 

and the trends in their anions can be summarized as followed: 

1. The highest energy bands are C-H stretching modes, which absorb at 

approximately 3060 cm-1 in both derivatives. Although this band shows a 

red shift in monoanion and dianion species, the intensity of this band in 



 

 40 

both IR and Raman spectra in the reduced forms is low and would not be a 

good diagnostic for the change of redox level in the material.  

2. The  stretching modes which are sensitive to redox level of TCNQFn 

moieties are detected from 2234 to 2215 cm-1. The band position is hardly 

distinguishable between TCNQF and TCNQF2. The stretching band 

clearly shift to lower energy in TCNQFn- and TCNQFn2-. It shifts to 

approximately 40 cm-1 and 70 cm-1 lower in the monoanions and dianions, 

respectively.  

3. A noticeable shift is of C=C stretching modes. The ring C=C stretching in 

neutral moiety absorb at approximately 1660 cm-1 and 1600 cm-1 for Ag and 

B2u modes for TCNQF2 and 1650 cm-1 and 1580 cm-1 for Ag and B2u modes 

for TCNQF, respectively. Meanwhile, there is not much difference in the 

exocyclic C=C stretching band for both derivatives, where it appear at 1557 

cm-1 (Bu) and 1481 cm-1 (Ag) in TCNQF2 and at 1557 and 1477 cm-1 in 

TCNQF. These bands were found to also have a red-shift when TCNQFn is 

reduced to TCNQFn- and TCNQFn2- For TCNQF2, the ring C=C stretching 

bands were detected at 1645 (Ag) and 1638 (Ag) in monoanion, and 1553 

(Bu) and 1509 (Ag) in dianion. For TCNQF, although the ring C=C Bu mode 

follows the same trend when it shifts to 1517 and 1443 cm-1 in the 

monoanion and dianion species, the Ag mode in TCNQF2- does not show 

much difference to TCNQF-, 1630 compared to 1628 cm-1. A similar manner 

was observed with exocylic C=C mode which was detected at 1472 cm-1 

(Bu), 1403 cm-1  (Ag), TCNQF2-, 1416 cm-1 (Bu), 1353 cm-1 (Ag) TCNQF22-, 

1497 cm-1  (Bu), 1391 cm-1  (Ag) for TCNQF-, 1307 (Bu), 1330 (Ag) for 

TCNQF2- 

4.  A series of stretching modes involves C-F and endocyclic C-C bonds were 

observed from about 1500 cm-1 to 1250 cm-1. Most of the bands shift to 

lower energy region with the increase of redox level. Interestingly, the … B3g 

mode experiences a reversed trend with an increase of reduction level of 

TCNQFn species with a blue shift from 1442 to 1501 and 1540 cm-1 in 

TCNQF2, TCNQF2- and TCNQF22- respectively, and from 1443 to 1481 and 

1537 cm-1 for TCNQF, TCNQF- and TCNQF2- respectively. This assembles the 

shifting behavior which was reported for TCNQF4 recently.20  
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5. The C-CN wing stretching modes absorb at approximately 1200 cm-1 and 

also shift toward lower energies in TCNQFn- and TCNQFn2-. 

6. Interestingly, C-H out-of-plane bending modes were observed in calculated 

spectrum at 903 cm-1 (Au) and 891 cm-1 (Bg) for TCNQF2 and from 987 cm-1 

(Bg), 904 cm-1 (Bu) and 844 cm-1 (Au) to 850 cm-1 for TCNQF. All of the 

bands shift toward lower energies in reduced species.  

Interestingly, the position of most of the vibrational bands in experimental IR and 

Raman spectra of TCNQF and TCNQF2 are consistent with the calculations bands 

(Figure 14 and 15). This agreement confirms the accuracy of DFT calculation on 

these systems and hence, it can be used as a reference to determine the redox level 

of TCNQFn species. 

  

 

Figure 14. Calculated (blue) and experimental (red) (a) IR and (b) Raman spectra 

of neutral TCNQF2  

(a) 

(b) 
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Figure 15. Calculated (blue) and experimental (red) (a) IR and (b) Raman spectra 

of neutral TCNQ

(a) 

(b) 
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Table 4. Calculated harmonic vibrational frequencies of TCNQF2, TCNQF2- and TCNQF22- (above 800 cm-1) 
 

No. Sym. Mode TCNQF2 IR Ra TCNQF2- IR Ra TCNQF22- IR Ra 
1 Ag C-H stretch 3063  w 3053  w 3033  w 
2 Bu C-H stretch 3062 w  3052 w  3032 w  
3 Bu stretch  2234 w  2195  s  2168 m  
4 Ag stretch  2231  s 2191   s 2156  s 
5 Ag stretch  2215  s 2159   s 2119  m 
6 Bu stretch  2215  w  2159  m  2118 s  
7 Ag Ring C=C stretch 1662  s 1636   s 1638  s 
8 Bu Ring C=C stretch 1599 s  1530  s  1509  s  
9 Bu Exocyclic C=C stretch 1557 m  1472 w  1416 m  
10 Ag Exocyclic C=C stretch 1481  s 1403  s 1353   m 
11 Ag Ring C-C and C-F stretch 1442  w 1501  w 1540  - 
12 Bu Ring C-C and C-F stretch 1392 s  1338 m  1296 w  
13 Bu Ring C-C and C-F stretch 1305 w  1290 w  1261 m  
14 Ag Ring C-C and C-F stretch 1256  - 1252  w 1256  w 
15 Ag Ring C-C and C-F stretch 1237   w 1216  - 1217  - 
16 Ag C-CN stretch 1173   w 1186  w 1203  w 
17 Bu C-CN stretch 1148 m  1160 w  1179 w  
18 Bu Ring mode 1005 -  1022 w  1163 w  
19 Ag ring stretch 914  - 919  - 916  - 
20 Au C-H out of plane bend 903 m  877 m  852 w  
21 Bg C-H out of plane bend 891   865   841   
22 Bu Ring mode 801 m  1220 m  1031 -  
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Table 5. Calculated harmonic vibrational frequencies of TCNQF, TCNQF- and TCNQF2- (above 800 cm-1) 
 

No. Sym. Mode TCNQF IR Ra TCNQF- IR Ra TCNQF2- IR Ra 
1 Ag C-H stretch 3061  w 3048  w 3024  w 
2 Bu C-H stretch 3058 w  3045 w  3018 w  
3 Bu C-H stretch 3048 w   3030 w  3001 w  
4 Bu stretch  2233 w  2189 s  2152 m  
5 Ag stretch  2230  s 2193  s 2164  s 
6 Ag stretch  2216   s 2155  s 2114  s 
7 Bu stretch  2214  w  2158 s  2113 s  
8 Ag Ring C=C stretch 1652 s s 1628 w s 1630 w s 
9 Bu Ring C=C stretch 1582 s  1517 m  1307 w  
10 Bu Exocyclic C=C stretch 1557 s  1497 w  1504 m  
11 Ag Exocyclic C=C stretch 1477  s 1391  s 1330 - s 
12 Ag Ring C-C and C-F stretch 1443  - 1481  - 1537  - 
13 Bu Ring C-C and C-F stretch 1393 s  1354 w  1504 s  
14 Bu Ring C-C and C-F stretch 1354  m  1320 w  1291 -  
15 Ag Ring C-C and C-F stretch 1263    - 1262  w 1256  w 
16 Bu Ring C-C and C-F stretch 1234 s  1218 m  1189 m  
17 Ag C-CN stretch 1208  - 1209  - 1226  - 
18 Bu C-CN stretch 1189  w  1193 w  1210 -  

19 Bu Ring mode 1118 s  1127 w  1124 -  
20 Ag ring stretch 1002  - 1026  - 1041  - 
21 Bu C-H out of plane bend 987  -  942 -  901 -  
22 Bu Ring stretch 969  -  987 -  997 -  
23 Bu C-H out of plane bend 904  s  874 w  847 -  
24 Bu ring stretch 878  w  878 -  872 -  
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2.4. Conclusion 

A variety of characterization methods for TCNQF and TCNQF2 and their reduced 

forms have been reported, including electrochemistry, UV-Vis, IR and Raman 

spectroscopy. Electrochemically, these TCNQ derivatives undergoes two well-

resolved one-electron reversible reduction steps with the reversible potentials 

being in the order of ETCNQ>ETCNQF>               . The stability of TCNQFn and 

its reduced anions was qualitatively assessed by UV-Vis spectra and showed a high 

stability of TCNQFn neutral and TCNQFn-  whereas TCNQFn2- decomposes rapidly to 

their DCTC- analogues. TCNQF42- is the most stable species and can be handled in 

air, while working with TCNQF2- and TCNQF22- requires dry box. Electrochemical 

data show that TCNQFn2- are strong bases and are readily protonated in the 

presence of TFA in two steps to form HTCNQFn- and H2TCNQFn. Simulations of 

cyclic voltammograms has been employed to understand the mechanism of the 

protonation reaction are good agreement with experimental data. The equilibrium 

constants associated with the protonation steps decrease with the addition of 

fluorine atoms. This result supports the hypothesis on the enhancement of stability 

in fluorinated derivatives relative to parent TCNQ. A series of vibrational bands in 

IR and Raman spectra were generated from DFT calculations of TCNQFn and their 

anions. These assignments will assist the characterization of newly synthesized 

TCNQFn materials.  
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Chapter 3 

Electrochemistry of TCNQF2 in acetonitrile in the presence of 

[Cu(CH3CN)4]+ - The formation of CuTCNQF2 and its catalytic activity 

Nguyen T. Vo, Lisandra L. Martin*, Alan M. Bond* 

School of Chemistry, Monash University, Clayton, Victoria 3800, Australia  

* Corresponding Authors: Lisa.Martin@monash.edu, Alan.Bond@monash.edu  

 Abstract Electrochemistry of the two redox processes of TCNQF2 in the presence 

of [Cu(MeCN)4]+ has been investigated and revealed the formation of the mono- 

and dianionic-based solids. CuTCNQF2 has been synthesized chemically and 

electrochemically. For the chemical synthesis, CuTCNQF2 was formed by the 

reaction between TCNQF2 and CuI in MeCN, while in the latter approach, TCNQF2- 

was formed by bulk reduction electrolysis and [Cu(MeCN)4]+ was then introduced. 

A dark blue precipitate was obtained using both methods. Spectroscopic 

characterisation of these products showed that they were identical. Powder X-Ray 

diffraction of CuTCNQF2 describes an analogous pattern with CuTCNQ phase II. 

The conductivity was also examined on a film of CuTCNQF2 on FTO glass revealed a 

conductivity of 6.0 × 10-6 S.cm-1.  

3.1. Introduction 

Organic charge-transfer materials of TCNQ (TCNQ = 7,7,8,8-

tetracyanoquinodimethane) have been widely investigated and exhibit a range of 

important properties.1,2 For example, charge-transfer complexes of TCNQ (see 

scheme in Figure 1) with transition metals ions such as copper or silver are semi-

conductors, which have been exploited in optical, electrical and magnetic devices.3-

8 TCNQF4-based materials (TCNQF4 = 2,3,5,6-tetrafluoro-7,7,8,8-

tetracyanoquinodimethane) have also been studied recently.9,10 The presence of 

four fluorine atoms (see scheme in Figure 1) enhances the electron affinity of 

TCNQF4, which facilitates reduction and increases the stability of the anions, 

especially the dianion. This property has offered a number of TCNQF42- - based 

materials have been electrochemically generated in the air,11-14 while those of 

TCNQ2- needed to be synthesized anaerobically.15-17 The enhanced stability of the 
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fluorinated derivative offers the prospect of new dianion materials with 

interesting properties. Dihalogenated dibromo, dichloro and difluoro TCNQFx 

complexes also have been reported,18-21 but the difluorinated TCNQF2 (see scheme 

in Figure 1) are relative rare.  

 

Figure 1: Structures of TCNQ, TCNQF4 and TCNQF2 

TCNQF2 (TCNQF2 = 2,5-difluoro-7,7,8,8-tetracyanoquinodimethane) (Figure 1) 

based materials are expected to possess intermediate electrical properties 

between TCNQ and TCNQF4. Its electron affinity is 3.02 eV, which lies midway 

between that of TCNQ and TCNQF4, which are 2.85 and 3.20 eV, respectively.22,23 

TCNQF2- salts of TTF derivatives have been reported19-21 and TCNQF2-nucleobase, 

cytosine, material was synthesized and shown to be a fully ionic material derived 

from the monoanion TCNQF2- and cytosine cation.24 However, studies on the 

interaction between TCNQF2 and transition metals are limited. In this study, the 

reductive electrochemistry of TCNQF2 in the presence of [Cu(CH3CN)4]+ is reported 

in acetonitrile. The formation of new TCNQF2--based material will be described 

along with their synthesis and spectroscopic characterization.  

3.2. Experimental 

3.2.1. Chemicals 

TCNQF2 (98%, TCI Tokyo), [Cu(CH3CN)4]PF6 (98%, Aldrich), acetonitrile (HPLC 

grade, Omnisolv), isopropanol (BHD) and acetone (suprasolv, Merch KGaA) were 

used as received from the manufacturer. Bu4NPF6 (Aldrich), used as the supporting 

electrolyte in electrochemical studies, was recrystallized twice from 96% ethanol 

(Merck) and then dried at 100oC under vacuum for 24 hours prior to use.  

3.2.2. Electrochemistry  

Voltammetric experiments were studied at room temperature using a 

Bioanalytical Systems (BAS) 100W workstation. A standard three electrode cell 
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configuration, comprising a glassy carbon (GC, 1 mm diameter) working electrode, 

a Ag/Ag+ (1.0 mM Ag+) reference electrode (RE) and a 1.0 mm diameter platinum 

wire counter electrode, was employed in those experiments. Prior to each 

experiment the working electrode was polished with 0.3 µm Al2O3 slurry using 

polishing cloth, rinsed with water followed by sonication in an ultra sonic bath for 

30 seconds and dried under a stream of nitrogen.  The RE was constructed from Ag 

wire in contact with acetonitrile solution (0.1 M Bu4NPF6) containing 1.0 mM 

AgNO3 and separated from the test solution by a salt bridge. The potential of this 

reference electrode was -124 mV vs the ferrocene/ferrocenium (Fc0/+) couple. All 

solutions were purged with nitrogen gas for at least 10 min and a stream of 

nitrogen was maintained above the solutions during the course of the 

voltammetric experiments. In bulk electrolysis experiments, a three-

compartments cell was used with each of the large area Pt mesh working 

electrode, Ag/AgCl reference electrode and Pt mesh counter electrode.  

3.2.3. Synthesis of CuTCNQF2 

CuTCNQF2 was prepared electrochemically as followed. Initially a solution of 

TCNQF2- was prepared quantitatively by the bulk reduction electrolysis of 10 ml 

solution containing 5.0 mM TCNQF2 in acetonitrile (0.1 M Bu4NPF6). The potential 

of the Pt working electrode was held at -100 mV vs Ag/Ag+ until the current 

reached 1% of the initial value. A dark blue precipitate formed immediately upon 

an addition of a 0.75 ml solution of 100 mM [Cu(CH3CN)4]+. After stirring for 10 

mins, the solid was collected by filtration and washed several times with CH3CN. 

Finally, the solid was dried under vacuum overnight before further 

characterization. 

The solid was also chemically synthesized by a reaction between TCNQF2 and CuI  

(1:1.5 stoichiometric ratio) in acetonitrile for 3 hours. The resulted dark blue solid 

was filtered, washed with CH3CN and dried as described above before 

characterization. 

3.2.4. Conductivity measurement of CuTCNQF2 

The conductivity of CuTCNQF2 was examined on a CuTCNQF2 film formed on a 

FTO-coated glass. A Cu film was firstly sputter-coated with a Quorum Q150TS 

sputter coater machine over the area of 1.0 cm × 1.0 cm onto a FTO-coated glass 
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with an area of 1.0 cm × 3.0 cm. It was then soaked in an acetonitrile solution 

containing 10 mM of TCNQF2 for 12 hours, and a CuTCNQF2 film was formed as 

describe in equation 1.  

Cu(s) + TCNQF2(MeCN)  CuTCNQF2(s)   (1) 

The samples were rinsed briefly with acetonitrile to remove excess TCNQF2 

followed by copious water. They were dried under nitrogen stream and store 

under vacuum. For conductivity measurement, two CuTCNQF2-coated FTO glasses 

were stacked together so that the two CuTCNQF2 films are in contact. The FTO 

glasses were then clamped carefully to minimize force (see Scheme 1). Constant 

potential measurements were performed for 60 s at potentials from 50 to 500 mV 

with 50 mV intervals. The resistance (R) was calculated as R=U/I (in which U (V) is 

the applied potential and I (A) is the measured current). The DC conductivity ς was 

calculated from the relationship ς =t/R.S where t (cm) is the thickness of the layer 

formed by two CuTCNQF2 film, and S (cm2) is the cross-sectional area. A VMP3 

multi-channel potentiostat from BioLogic Instruments was used for the resistance 

measurements. 

 

 

 

Scheme 1. Configuration of a conductivity measurement 

The film thickness was measured using VeeCo Dektak 150 profilometer.  

3.2.5. Other instrumentations 

UV-Vis spectra were recorded with a Varian Cary 5000 UV-Vis NIR 

spectrophotometer with a 1.0 cm path length quartz cuvette.  A Varian UMA600 IR 

microscope and FTS7000 optics bench using 128 scans and a resolution of 8 cm-1 

was used for IR spectra. Raman spectra were recorded on a Renishaw Invia Raman 

spectrograph with an Argon ion laser excitation at 633 nm. After being coated with 

Ir, SEM images were collected with a FEI Nova NanoSEM 450 FEGSEM 

CuTCNQF2 FTO 

FTO 

FTO 

CuTCNQF2 

+ 
- 
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instrumentation using an accelerating voltage of 5.0 kV. The X-ray powder 

diffraction (XRD) pattern was collected using the Oxford Diffraction Suppernova 

diffractometer. 

3.3. Result and discussion 

3.3.1. Cyclic voltammetry of the TCNQF20/- process in the presence of 

[Cu(CH3CN)4]+ 

In acetonitrile (0.1 M Bu4NPF6) solution, [Cu(CH3CN)4]+ can be reduced to metal 

and oxidized to Cu2+ (Figure 2a). The Cu+ to copper metal process at -900 mV and 

its counterpart Cu to Cu+ stripping process at -300 mV seen in the cyclic 

voltammogram correspond to the Cu+/0 redox couple, while the oxidation process 

at 800 mV and its reduction counterpart at -650 mV represents the Cu+/2+ couple. A 

comparison of cyclic voltammograms for [Cu(CH3CN)4]+ and TCNQF2 in acetonitrile 

(see Figure 2) reveals that the potentials for reduction and oxidation of 

[Cu(CH3CN)4]+ are well-removed from the two reversible TCNQF20/- and TCNQF2-/2- 

reduction steps. Therefore, the electrochemical reduction of TCNQF2 in the 

presence of [Cu(CH3CN)4]+ can be investigated provided the applied potential lies 

in between the reduction and oxidation of [Cu(CH3CN)4]+. 

 

Figure 2: Cyclic voltammograms obtained at a scan rate of 100 mV.s-1  in 

acetonitrile (0.1 M Bu4NPF6) for (a) 10.0 mM [Cu(CH3CN)4]+ with a 1 mm diameter 

GC electrode, (b) 1.0 mM TCNQF2 with a 3 mm diameter GC electrode 

Cyclic voltammograms for a series of solutions in acetonitrile (0.1 M Bu4NPF6) 

contaning mixture of TCNQF2 and [Cu(CH3CN)4]+ were recorded at a scan rate of 
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50 mV.s-1. For TCNQF2 (1.0 mM), in the presence of either 5.0 mM or 10.0 mM  

[Cu(CH3CN)4]+, when scanning negatively, the TCNQF2/TCNQF2- process retained 

its reversible diffusional characteristic (Figure 3a). However, upon increasing the 

concentration of TCNQF2 to 2.0 mM, in the presence of 10.0 mM of [Cu(CH3CN)4]+ 

and scanning the potential showing only the TCNQF20/- process, although the first 

reduction process is not modified, a new oxidation process at 385 mV, named Ox1 

in Figure 3, was observed on the positive potential scan (Figure 3b). Process Ox1 

was enhanced in solution containing 5.0 mM TCNQF2 and 10.0 mM [Cu(CH3CN)4]+ 

(Figure 3b). On cycling the potential, the current ratio of iox/ired for the TCNQF20/- 

process decreased to less than unity as the oxidative current gradually decreased 

(Figure S1). Simultaneously, the current magnitude of Ox1 peak increased on 

cycling the potential. These observations imply that a chemical step is coupled to 

the TCNQF2/TCNQF2- process, which consumes TCNQF2- as evidenced by the 

decrease of the oxidation current, when the potential was switch at -100 mV. Also, 

the new compound formed is electro-active and is oxidized at more positive 

potentials than that for TCNQF2/TCNQF2- process (see process Ox1 in Figure 3b). 

After completion of the experiment a dark blue solid remained on the GC electrode 

surface. 

 

      

Figure 3: Cyclic voltammograms obtained at a scan rate of 50 mV s-1 in acetonitrile 

(0.1M Bu4NPF6) with a 1 mm diameter GC electrode for (a) 1.0 mM TCNQF2 in the 

presence of 10.0 mM  of [Cu(CH3CN)4]+, (b) designated TCNQF2 concentration in 

the presence of  10.0 mM of [Cu(CH3CN)4]+ 
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Effect of scan rate 

Figure 4a shows cyclic voltammograms in CH3CN (0.1 M Bu4NPF6) containing 5.0 

mM of TCNQF2 and 10.0 mM of  [Cu(CH3CN)4]+  in CH3CN (0.1 M Bu4NPF6) at scan 

rates in a range 20-100 mV�s-1. Process Ox1 at ~ 385 mV, which was detected at 

slow scan rates of 20 and 50 mV�s-1, diminished at a scan rates ≥ 100 mV�s-1. 

Moreover, at a slow scan rate 20 mV�s-1, a shoulder is visible on the TCNQF2- 

oxidation peak, Ox2, implying another oxidation process occurs. Cu-TCNQ based 

materials can exist two phases with different morphologies.25-27 Thus CuTCNQF2 

also may exist in two phases. The existence of two phases of CuTCNQ has been 

reported in voltammetric experiment in acetonitrile previously when cycling the 

potential multiple times with a TCNQ-modified GC electrode in aqueous solution 

containing Cu2+.27 In acetonitrile, two distinguishable reduction processes were 

observed, however, they are both associated to the formation of only CuTCNQ 

phase I during the voltammetric experiment.28 Either branches of needle crystals 

were formed via nucleation-growth mechanism at discrete site or a continuous 

film of CuTCNQ was formed on the electrode surface. These two processes are 

independent to each other depending on the reduction potential. However, 

inspection the voltammograms in this study suggests that there is a conversion 

between two solids of CuTCNQF2 during voltammetric experiment.  

 

Figure 4. Cyclic voltammograms obtained with a 1 mm diameter GC electrode in 

acetonitrile (0.1M Bu4NPF6) for (a) 5.0 mM TCNQF2 in the presence of 10 mM 

[Cu(CH3CN)4]+ at designated scan rates, (b) 8.0 mM TCNQF2 in the presence of 8.0 

mM [Cu(CH3CN)4]+ at a scan rate of 50 mV s-1 
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Phases of CuTCNQF2 

In order to probe the origin of the second oxidation process a higher concentration 

solution containing 8.0 mM of TCNQF2 and 8.0 mM of [Cu(CH3CN)4]+ was studied 

and the resultant cyclic voltammograms were shown in Figure 4b. At a scan rate of 

50mV�s-1, the anodic scan of the first cycle is dominated by the stripping peak Ox2 

at 250 mV, with process Ox1 at 385 mV being less significant. However, on cycling 

the potential the magnitude of the Ox2 peak current decreases, and is not detected 

from the 3rd cycle. Simultaneously, the Ox1 peak current gradually increases in 

magnitude on cycling of the potential. 

At the higher scan rate of 100 mV�s-1, the Ox2 process was not detected (Figure 

S2). The clear scan rate dependence of Ox1 and Ox2 provides evidence for the 

existence of two different phases or morphologies of CuTCNQF2 that are kinetic 

controlled with process Ox2 being derived from the thermodynamic favoured 

phase and only detected at slow scan rate, and Ox1 process corresponds to a 

kinetic favoured product, being dominant at high scan rate.   

The mechanism for reduction of TCNQF2 to TCNQF2- in the presence of Cu(MeCN)4+ 

can be written as follows: 

TCNQF2(MeCN) + e-           TCNQF2- (MeCN)    (2) 

TCNQF2-(MeCN)  + Cu+(MeCN)                 [CuTCNQF2(s)]phase A  (3) 

[CuTCNQF2(s)]phase A          [CuTCNQF2(s)]phase B   (4) 

[CuTCNQF2(s)]phase A        Cu+(MeCN) +  TCNQF2(MeCN)  + e-  (5) 

[CuTCNQF2(s)]phase B         Cu+(MeCN) +  TCNQF2(MeCN)    + e- (6) 

3.3.2. Cyclic Voltammometry of TCNQF2 in the presence of [Cu(CH3CN)4]+, the 

second redox process 

The second reduction step associated with the TCNQF2-/2- process was also 

investigated in the presence of [Cu(CH3CN)4]+ by scanning potential to more 

negative (600 to -600 mV). In order to prevent the precipitation of insoluble Cu-

TCNQF2- material in the first reduction step, lower concentrations of TCNQF2 and 

[Cu(CH3CN)4]+ were now used. Under the condition of 1.0 mM TCNQF2 and 2.0 mM 

[Cu(CH3CN)4]+ and with a slow scan rate of  20 mV.s-1, the reversible TCNQF2-/0 
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process was observed when the potential was switched at -120 mV and reversed 

before the second reduction of TCNQF2- to TCNQF22- (Figure 5). That is no black 

CuTCNQF2 material precipitate on the electrode surface, as in the case when the 

concentration of [Cu(CH3CN)4]+ are higher. These diluted conditions allow the 

second reduction step to be investigated without any interference from CuTCNQF2 

precipitate. 

 

Figure 5. Cyclic voltammogram obtained with a 1 mm diameter GC electrode in 

acetonitrile (0.1M Bu4NPF6) containing 1 mM TCNQF2 and 2 mM [Cu(CH3CN)4]+  at 

at designated scan rate for the TCNQF20/- process. 

The voltammogram of the TCNQF2-/TCNQF22- process in the presence of 

[Cu(CH3CN)4]+ changes dramatically over the wider range of the scanning potential 

from 600 mV to -600 mV. At a slow scan rate of 20 mV s-1, the reduction of TCNQF2- 

to TCNQF22- seen at -448 mV in the absence of [Cu(CH3CN)4]+ (cf. Figure 2) shifts to 

-275 mV in the presence of [Cu(CH3CN)4]+ (Figure 6a). Thus, it is now much easier 

to reduce the TCNQF2- to TCNQF22-. Furthermore, a sharp oxidation process (Ox3) 

was observed at 169 mV when the potential was reversed, which replaced 

TCNQF22- to TCNQF2- oxidation process that was at -373 mV (Figure 2). Once again, 

this voltametric behaviour strongly supported a chemical step was also involved 

with the second redox process.   
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Figure 6. Cyclic voltammograms obtained with a 1 mm diameter GC electrode in 

acetonitrile (0.1M Bu4NPF6) containing 1 mM TCNQF2 and 2 mM [Cu(CH3CN)4]+  at 

a scan rate of (a) 20 mV s-1, and (b) 200 mV s-1. 

The sharp oxidation process at 169 mV (Ox3) has the characteristic of a ‘stripping 

process’ derived from oxidation of a solid Cu-TCNQF22- material formed by 

reaction of TCNQF22- with Cu+ on the electrode surface presumably to TCNQF2- and 

Cu+. In Figure 6a, a shoulder presents at 210 mV, which was the solution phase 

oxidation of TCNQF2- to TCNQF2 and was not affected by Ox3. Interestingly, a 

second sharp oxidation wave was also observed at 348 mV (Ox1), which consistent 

with the oxidation process Ox1 of Cu-TCNQF2-(s) to Cu+ and TCNQF2 observed 

previously. This behaviour can be explained if Cu-TCNQF22- solid was oxidized to 

formed Cu-TCNQF2-(s). On increasing the scan rate, a new oxidation process (Ox4) 

appears Ox4 at -192 mV (Figure 6b), which is consistent with the existence of two 

phases of Cu-TCNQF22- based material. Similar process was observed for the Cu-

TCNQF42- materials,12 in which one phase is thermodynamically favoured and the 

other is kinetic favoured, named phase C and phase D.  

The mechanism for the reduction of TCNQF2 to TCNQF22- in the presence of 

[Cu(CH3CN)4]+  this process is proposed to be as follow; 

TCNQF2(MeCN) + e-           TCNQF2- (MeCN)     (6) 

TCNQF2-( MeCN) + e-           TCNQF22- (MeCN)     (7) 

TCNQF22-( MeCN)  + 2Cu+( MeCN)                 [Cu2TCNQF2(s)]phase C  (8) 

[Cu2TCNQF2(s)]phase C                 [Cu2TCNQF2(s)] phase D    (9) 
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[Cu2TCNQF2(s)]phase C              [CuTCNQF2(s)]phase A  + Cu+( MeCN)+ e- (10) 

[CuTCNQF2(s)]phase A          Cu+ (MeCN) + TCNQF2(MeCN)  + e-   (11) 

[CuTCNQF2(s)]phase D          TCNQF2(MeCN) + 2Cu+( MeCN)    + 2e- (12) 

The scan rate dependence of the anodic processes (Figure 7) illustrates well the 

inter-relationship of materials with a decrease in the Ox3 current and the 

simultaneous loss of the Ox1 wave. Thus, at scan rates ≥ 200 mV�s-1, there are only 

two major peaks in the voltammogram during the oxidative sweep, the Ox4 and 

Ox3 peaks. These results suggest that only the phase C solid can be oxidized to Cu-

TCNQF2-(s) in solid state at the electrode surface, not both phases.   

 

Figure 7. Cyclic voltammograms with a 1 mm diameter GC eletrode in acetonitrile 

(0.1M Bu4NPF6) containing 1.0 mM TCNQF2 and 2.0 mM [Cu(CH3CN)4]+  at 

designated scan rates. 

Data are almost independent of electrode material (gold and platinum, data not 

shown). 

3.3.3. Cyclic voltammetry of Cu-TCNQF22- solid in the presence of [Cu(CH3CN)4]+ 

In order to further probe the solid-solid transformation of Cu-TCNQF22- and Cu-

TCNQF2-, experiments was performed in CH3CN (0.1 M Bu4NPF6) containing 50.0 

mM [Cu(CH3CN)4]+, where solid Cu-TCNQF22- was deposited on the electrode 

surface, and then the potential was swept positively. Representative 

voltammograms are shown in Figure 8.  
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Figure 8. Cyclic voltammogram of Cu-TCNQF22- material deposited onto a 3 mm 

diameter GC electrode in acetonitrile (0.1 M Bu4NPF6) containing 50.0 mM 

[Cu(CH3CN)4]+ at a scan rate of 50 mV s-1 with the potential scan from -600 to (a) 

600 mV, (b) 350 mV. 

When the potential was cycled from the initial value of -600 mV to 600 mV and the 

concentration and that of [Cu(CH3CN)4]+ are not high enough to exceed the 

solubility of the Cu-TCNQF22- solid, the first cycle contained a number of dominant 

oxidation processes. These processes diminished with subsequent scans until 

ultimately only the two TCNQ0/-/-2 diffusion controlled processes resembling that 

of neutral TCNQF2 is generated. However, when the potential is switched at 300 

mV, and hence before the oxidation of TCNQF2- to TCNQF2, the solid-solid 

transformation of CuTCNQF2 and Cu2TCNQF2 is detected. This solid-solid redox 

process remains clear for several cycles of potential, although the current 

magnitude decreases as Cu-TCNQF2 solids slowly dissolve. Thus when the same 

experiment was performed but in the absence of [Cu(CH3CN)4]+, no oxidative 

current could be detected because now the dissolution is more rapid. 

3.3.4. Powder X-Ray Crystallography 

Although repeated attempts to grow single crystal of CuTCNQF2 with high quality 

for single-crystal diffraction study were unsuccessful, XRD powder pattern of 

chemically synthesized material was obtained. Diffraction pattern of CuTCNQF2 

with broad peaks was compared to single crystal XRD pattern of phase II of 

CuTCNQ material as shown in Figure 9. It is interesting that although the peaks are 
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broadened, the position of most of them are almost identical to those of phase II 

CuTCNQ which crystallized in a monoclinic unit cell.26 

 
Figure 9. X-Ray diffraction pattern of CuTCNQF2 synthesized chemically (red) and 

single crystal of phase II of CuTCNQF (black)26 

3.3.5. Spectroscopic characterization 

For spectroscopic characterization, an ITO electrode was used to electrocrystallize 

CuTCNQF2 when the potential was held at -100 mV for 10 minutes. The cyclic 

voltammetry was similar to that on GC, although the much larger surface led to 

large IR drop. Blue crystals of CuTCNQF2 formed on the ITO surface. The ITO 

electrode containing the precipitate solid was washed with CH3CN and dried under 

vacuum overnight before being characterised by vibrational spectroscopy and data 

compared with the material obtained by chemical synthesis. 

Figure 10 provides comparison of FTIR and Raman spectroscopy of TCNQF2 and 

electrocrystallized CuTCNQF2. Bands can be identified that are characteristic for 

the TCNQ(F)n family.10,29,30 The C-H stretch band is clearly visible at 3064 cm-1 in 

the FTIR spectrum. The other major IR bands are the C{N stretch at 2227 cm-1, 

ring C=C stretch at 1574 cm-1, exocyclic C=C stretch at 1548 cm-1 and the C-F and 

ring C-C stretch at 1392 cm-1. The Raman spectrum also provides characteristic 

bands for the C{N stretch at 2230 cm-1, the ring C=C stretch at 1633 cm-1, and the 

exocyclic C=C stretch at 1453 cm-1. These bands generally shift to lower energy in 

both IR and Raman spectra for the TCNQF2- radical anion presented in CuTCNQF2, 

in which the IR bands for TCNQF2- are νmax/cm-1 2214,2182 (CN), 1515 (ring C=C), 

1477 (exocyclic C=C), 1339 (C-F and ring C-C); Raman bands are νmax/cm-1 2219 

(CN), 1618 (ring C=C), 1401 (exocyclic C=C). Figure 11 compares the IR and 
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Raman spectra for the electrocrystallized and the chemically synthesized material 

confirming that they are identical, hence an alternative method to synthesize this 

new material.  Similar data were obtained for the Raman spectrum using the two 

methods of preparation. 

 

Figure 10. (a) FTIR spectra and (b) Raman spectra of neutral TCNQF2 and bulk 

synthesized CuTCNQF2 

 

Figure 11. Comparison (a) FTIR spectra and (b) Raman spectra of (black) chemically 

synthesized and (red) electrocrystallized CuTCNQF2 materials on an ITO electrode 
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3.3.6. Elemental microanalysis 

The elemental analysis data are C= 46.76%, H = 0.82% and N = 18.18%, which 

consistent with the formulation being CuTCNQF2.1/4H2O (calculated: C = 46.66%, 

H = 0.86%, N =18.54%). This result implies that the there was a relative small 

amount of H2O impurity retained as CuTCNQF2 was precipitated. 

3.3.7. Scanning electron microscopy 

The morphologies of the chemically synthesized and electrochemically crystallized 

CuTCNQF2 samples were probed using the SEM imaging technique (Figure 12). 

Two morphologies were observed with the electrochemically crystallized material, 

block-shaped microcrystals of micron size and clusters of platelet microcrystals. 

However, only blocked microcrystals, evenly distributed over the surface, were 

observed for the chemically synthesized sample. The two morphologies found by 

electrochemical crystallization are consistent with the phases identified and 

discussed above in the cyclic voltammetry. Furthermore, the block-shaped crystal 

confirms the similarity in morphology found in XRD powder pattern between 

CuTCNQF2 and CuTCNQ phase II which was alternatively formed by an extensive 

reaction of CuTCNQ phase I with hot acetonitrile.27 

 
 Figure 12. SEM images at different regions, (a) and (b) CuTCNQF2 

electrocrystallized onto an ITO electrode from an acetonitrile (0.1 M Bu4NPF6) 

solution containing 2.0 mM TCNQF2 and 10.0 mM [Cu(CH3CN)4]+ at different spots; 

reductive electrolysis of TCNQF2 was for 10 mins at -100 mV (vs Ag/Ag+);  and (c) 

CuTCNQF2 synthesized by refluxing TCNQF2 in acetonitrile solution containing 1.5 

equivalent CuI.  

5μm 20μm 3μm 

(a) (b) (c) 
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3.3.8. Solubility of CuTCNQF2 

The solubility of the chemically synthesized CuTCNQF2 solid was determined in the 

presence and absence of electrolyte Bu4NPF6 by steady state voltammetry and UV-

Vis spectroscopy, respectively. For UV-Vis determination, CuTCNQF2 solid was 

dissolved in 2.0 ml of acetonitrile in a vial followed by sonication for 5 min to 

achieve a saturated solution of TCNQF2-. The solution was separated by 

centrifugation and then diluted 60 times prior to the UV-Vis measurement. The 

concentration of TCNQF2- was determined with the use of absorbance at the λmax = 

424 nm by referring to a calibration curve. This calibration curve was prepared by 

plotting a graph of absorbance measured at 424 nm against concentration for a 

series of TCNQF2- solutions at concentration of 0.005, 0.01, 0.015, 0.02 and 0.03 

mM. For steady state voltammetric determination, CuTCNQF2 was dissolved in 

acetonitrile containing 0.1 M Bu4NPF6 to a saturation level. Steady state 

voltammogram was obtained with the saturated solution without any dilution. The 

final concentration of TCNQF2- and then the solubility of CuTCNQF2 were then 

determined to be 5.25±0.13×10-5 M and 9.05±0.09×10-5 M in the absence and 

present of electrolyte, respectively. Thus the solubility products were calculated to 

be 2.75±0.21×10-9 M2 and 8.19±1.02×10-9 M2 in the absence and present of 0.1 M 

Bu4NPF6 electrolyte, respectively  

3.3.9. Conductivity of CuTCNQF2 

The dependence of current on potential measured on a CuTCNQF2 film on FTO-

coated glasses is shown in Figure 13. The relationship between measured current 

and potential is ideally linear. DC resistivity of CuTCNQF2 bulk materials was 

determined from the slope of the line and hence the average conductivity of 6.0 × 

10-6 S.cm-1 was derived which suggests CuTCNQF2 has semiconducting properties 

although not a good one. This conductivity is lower than that found for CuTCNQ 

phase II, 1.3 × 10-5 S.cm-1.26 This similarity is also consistent with the resemblance 

of morphology between the two materials as discussed above.   
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Figure 13. (a) Current and potential plot vs time obtained with CuTCNQF2 films 

with a cross-sectional area of 0.82 cm2 and a thickness of 840 nm, (b) Plot of 

current vs potential derived from (a). 

3.4. Conclusion 

New CuTCNQF2 insoluble materials are formed during voltammetric experiments 

in an acetonitrile solution of TCNQF2 in the presence of [Cu(CH3CN)4]+. The 

existence of two different phases was revealed by voltammetry at variable scan 

rates in both the TCNQF2- and TCNQF22- insoluble materials. Due to the low 

solubility of CuTCNQF2- as well as Cu-TCNQF22- solids, an interesting solid-solid 

transformation was observed which hasn’t been previously detected in the 

analogous reaction with Cu(I) and TCNQFn (n = 0, 4) analogues.  

CuTCNQF2 was both chemically and electrochemically synthesised and 

characterized using spectroscopic and imaging methods. XRD powder pattern of 

CuTCNQF2 shows a similarity to that of CuTCNQ phase II which is in monoclinic 

unit cell structure. The conductivity determined on a film of CuTCNQF2 shows a 

semiconductive property. The vibrational spectroscopies of material synthesized 

by both methods were identical implying that they can be generated via either 

methods.  
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Figure S1. Voltammograms in acetonitrile solution (0.1M Bu4NPF6) at a 1 mm 
diameter GC electrode of 5.0 mM TCNQF2 in the presence of 10 mM [Cu(CH3CN)4]+ 

at 50 mV s-1 

 
Figure S2. Voltammograms in acetonitrile solution (0.1M Bu4NPF6) at a 1 mm 
diameter GC electrode of 8.0 mM TCNQF2 in the presence of 8.0 mM [Cu(CH3CN)4]+ 

at 100 mV s-1 
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Chapter 4 

Electrochemistry of TCNQF in the presence of [Cu(MeCN)4]+- A 

comparative study of the catalytic activity of TCNQFn derivatives 

4.1. Introduction 

CuTCNQ exists in two phases with different crystal packing and a significant 

difference in conductivity.1 While phase I is a good semiconductor at room 

temperature with a resistivity of 0.2 S cm-1, phase II is a poor one with a resistivity 

of 1.3 ×10-5 S cm-1.1 Significantly, CuTCNQ exhibits a reversible switching behavior 

between the conducting and insulating states upon application of optical 

irradiation or an electrical field.  

The formation of CuTCNQ has been prepared voltammetrically by reducing TCNQ 

in the presence of Cu+ in acetonitrile media or Cu2+ in aqueous solution.2,3 The 

mechanism of the formation of CuTCNQ differs in these two media. In aqueous 

solution a solid-solid transformation mechanism with a complex charge transfer 

process including a TCNQ0/- and Cu2+/+ reduction processes as shown in equation 1 

TCNQ(s, GC) + Cu2+ + 2e  CuTCNQ(s, GC) phase I or phase II   (1) 

The conversion from phase I to phase II material has been observed upon an 

extensive potential cycling. 

However, only CuTCNQ phase I can be detected electrochemically in acetonitrile 

which gives rise to two redox processes at variable potential and voltammetric 

time scale relating to the formation of different sizes of crystal as well as 

morphologies. The formation of CuTCNQF4 has also been reported.4 No crystal 

structure is available for CuTCNQF4, however this material can be 

electrocrystallized and characterized on an electrode surface. An exciting finding 

with the Cu-TCNQF4 material was that the formation of the more reduced 

TCNQF42- - based material can be detected on voltammetric time scale. The stable 

dianionic form has not been generated electrochemically for TCNQ. It needs to be 

stabilized in a coordination polymer with other ligands. For example, numbers of 

TCNQ2- and TCNQF42- coordination polymer were successfully synthesized 

chemically with the diruthenium ligands Ru2(m-CH3PhCo2)4 and Ru(o-

CF3PhCO2)4.5,6 Also, the dianionic complexes of TCNQ and TCNQF4 have been 
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reported with Cu+ in the presence of other coordination ligands such as 2,6-

lutidine, quinone, 2-picoline, 2,2’-bipyridine with H2TCNQ or H2TCNQF4 starting 

materials.7 The addition of fluorine substituents on TCNQ shifts the reversible 

potential to more positive values making the TCNQF42- more accessible and 

enhancing its stability.  

As part of systematic studies on the electrochemical behavior of fluoro derivatives 

of TCNQ, the eletrochemistry of mono-fluoro TCNQF in the presence of 

[Cu(MeCN)4]+ is now reported. In this study, reduction of TCNQF to TCNQF- and 

TCNQF2- in the presence of [Cu(MeCN)4]+ is described over a range of 

concentrations and the catalytic activity of a CuTCNQ film on copper foil will be 

compared with that of the other fluoro-TCNQ derivatives. 

4.2. Experimental 

4.2.1. Chemicals 

TCNQF (98%, TCI Tokyo), [Cu(CH3CN)4]PF6 (98%, Aldrich), acetonitrile (HPLC 

grade, Omnisolv), isopropanol (BHD) and acetone (suprasolv, Merch KGaA) were 

used as received from the manufacturer. Bu4NPF6 (Aldrich), used as the supporting 

electrolyte in electrochemical studies, was recrystallized twice from 96% ethanol 

(Merck) and then dried at 100oC under vacuum for 24 hours prior to use.  

4.2.2. Electrochemistry  

Voltammetric experiments were undertaken at room temperature (22±20C) using 

a Bioanalytical Systems (BAS) 100W electrochemical workstation. A standard 

three electrode cell configuration, comprising a glassy carbon (GC, 1 mm diameter) 

working electrode, a Ag/Ag+ reference electrode (RE) and a 1.0 mm diameter 

platinum wire counter electrode, was employed in those experiments. The 

working electrode was polished with 0.3 µm Al2O3 slurry using polishing cloth, 

washed with water followed by sonication in an ultra sonic bath for 30 seconds 

prior each run to ensure a fresh electrode surface.  The RE consisted of an Ag wire 

in contact with acetonitrile solution containing 0.1 M Bu4NPF6 and 1.0 mM AgNO3, 

which was separated from the test solution by a salt bridge. The relative potential 

of this reference electrode was -124 mV vs the ferrocene/ferrocenium, Fc0/+ 

couple. All solutions were purged with nitrogen gas for at least 10 min and a 

stream of nitrogen was maintained above the solutions during the course of the 
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voltammetric experiments. For bulk electrolysis experiment, a Pt mesh electrode 

was used as the working electrode instead of a GC electrode.  

4.2.3. Synthesis of CuTCNQF 

CuTCNQF was prepared both electrochemically and chemically. A 5.0 ml solution 

of 0.5 mM TCNQF- was quantitatively prepared by bulk reduction electrolysis of 

5.0 mM TCNQF in acetonitrile (0.1 M Bu4NPF6). The potential at Pt mesh working 

electrode was held at -150 mV vs Ag/Ag+ until the current ratio reached 1% of the 

initial value. To this solution, 0.375 ml solution of 100 mM [Cu(CH3CN)4]+ was 

added. A dark blue precipitate formed immediately. The mixture was kept stirring 

was maintained for 10 minutes after which the solid was collected by filtration, 

washed several times with CH3CN, dried and stored under vacuum overnight 

before further characterization. 

CuTCNQF was also eletrocrystallized on an ITO electrode by holding the potential 

at -150 mV for 5 mins. A dark precipitate deposited on the ITO electrode was 

rinsed with acetonitrile followed by acetone and stored under vacuum. All the 

samples generated via these different synthetic pathways were characterized and 

compared.  

The solid was also chemically synthesized by a reaction between TCNQF and CuI at 

a 1:1.5 stoichiometric ratio in acetonitrile for 3 hours followed equation 2. A dark 

blue solid was obtained, filtered, washed with CH3CN and dried at the same 

manner as described above before characterization. 

3CuI(MeCN) + 2TCNQF(MeCN)    2CuTCNQF(s) + CuI3(MeCN)   (2) 

4.2.4. Catalytic experiment 

A piece of copper foil was used to prepare a film of CuTCNQF for catalytic 

experiment according to equation 2. 

Cu(s) + TCNQF(MeCN)  CuTCNQF(s)     (3) 

The foil was initially cleaned by immersion in HNO3 (5%) to remove surface oxide, 

then washed with acetone and methanol and dried under a nitrogen stream. To 

form a layer of CuTCNQF, the copper foil was immersed in a 1.0 mM TCNQF 

solution in CH3CN for 12 hours. Afterwards, the foil was removed from the 
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solution, rinsed briefly with CH3CN to remove excess TCNQF and washed with 

copious amounts of water. The sample was was then dried and stored under 

vacuum prior to use.  

CuTCNQF2-coated copper foils were prepared in the same manner as described for 

CuTCNQF. 

Catalytic activity of CuTCNQF and CuTCNQF2 in contact with copper foil (area of 

0.16 cm2) was assessed on the reaction between S2O32- and [Fe(CN)6]3-. A 30 ml 

solution of 0.1 M S2O32- and 1.0 mM [Fe(CN)6]3-  was stirred in the presence of the 

CuTCNQFn film. At regular time intervals 600 μl of solution was removed for UV-

Vis measurement and the amount of [Fe(CN)6]3- remaining in the solution was 

determined by referring to a calibration curve. 

Open circuit potential (OCP) experiments were performed using a CuTCNQFn-

coated copper foil as a working electrode. An aqueous Ag/AgCl (3.0 mM KCl) 

electrode (BAS) and platinum wire were used as reference and counter electrodes, 

respectively. 30 ml solution containing 1.0 mM [Fe(CN)6]3- was initially stirred for 

10 min in the electrochemical cell and the OCP vs. time data was recorded during 

this period of time. 1.0 ml solution containing 3.0 M S2O82- was sequentially 

injected into the cell to give a final concentration of ~0.1 M. The OCP vs. time data 

was continuously recorded before being terminated at 31 min. 

4.2.5. Other instrumentations 

UV-Vis spectra were recorded with a Varian Cary 5000 UV-Vis NIR 

spectrophotometer with a 1.0 cm path length quartz cuvette.  A Varian UMA600 IR 

microscope and FTS7000 optics bench using 128 scans and a resolution of 8 cm-1 

was used for IR spectra. Raman spectra were recorded on a Renishaw Invia Raman 

spectrograph with an Argon ion laser excitation at 633 nm. After being coated with 

Ir, SEM images were collected with a FEI Nova NanoSEM 450 FEGSEM 

instrumentation using an accelerating voltage of 5.0 kV. 
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4.3. Result and discussion 

4.3.1. Voltammetry of TCNQF in the presence of [Cu(CH3CN)4]+, the first 

reduction process 

The potentials of two reduction processes for TCNQF are well removed from the 

potentials for the reduction and oxidation of  [Cu(CH3CN)4]+. Hence, the reduction 

of both reduction steps TCNQF0/- and TCNQF-/2- can be studied without any 

interference from [Cu(CH3CN)4]+.  

The TCNQF0/- reduction process was studied in an acetonitrile solution containing 

8.0 mM TCNQF and 8.0 mM [Cu(CH3CN)4]+. Voltammograms obtained when the 

potential was swept negatively to reduce TCNQF to TCNQF- and then reversed at 

designated scan rates are shown in Figure 1. Upon increase the scan rate from 20 

mV.s-1 to 300 mV.s-1 the reduction peak potential shift to more negative from -16 to 

-76 mV. Furthermore, although the peak current, ipred, is proportional to the square 

root of scan rate, ν1/2, a negative intercept on the current axis was derived which 

implies that the reduction TCNQF0/- is not totally diffusion-controlled in the 

presence of [Cu(CH3CN)4]+. In the positive scan direction, a new oxidation process, 

which is sharper and more symmetric, appears at more positive potential (Ox1) 

than the TCNQF-/0 oxidation step. The Ox1 peak potential (Ep) and current 

magnitude highly depend on the scan rate as well as the switching potential. For 

example, Ep shifts positively from 123 to 176 mV when the scan rate increase from 

20 to 300 mV.s-1. The loss of diffusion-controlled characteristics together with the 

appearance of the Ox1 step indicates a chemical step accompanied the reduction of 

TCNQF to TCNQF-. It is most likely that solid CuTCNQF is formed via equations 3 

and 4. 

TCNQF(MeCN) + e-  TCNQF-(MeCN)    (4) 

Cu+(MeCN) + TCNQF-(MeCN)   CuTCNQF(s)    (5) 

On this basis, Ox1 peak represents the oxidation of CuTCNQF(solid) (A) to dissolved 

TCNQF.  

Interestingly, when the potential was scanned to more negative potential before 

being reversed, i.e -250 mV, which still avoids the TCNQF-/2- reduction process 

found in the absence of Cu+, a second reduction process was observed with a small 

current magnitude (Red1) (see Figure 2). Simultaneously process Ox1 becomes 
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dominant in the positive potential scan with an enhanced current magnitude of 

Ox1 which suppresses the diffusion controlled TCNQF-/0 oxidation step. Moreover, 

a new small broad oxidation peak at 298 mV is now detected. Taken together, 

these data suggests that more negative potential increases the deposition of the 

Cu-TCNQF solid associated with the Ox1 step and also enables the formation of 

another solid which is oxidized at a more positive potential. As illustrated in Figure 

2b, at faster scan rates, while the current magnitude of Ox1 increases, the Ox2 peak 

becomes more difficult to detect which implies that these reductions, leading to 

solid formation, are kinetically controlled.  

The presence of the additional Red1 process is presumably due to the reduction of 

TCNQF0 to TCNQF- at the Cu-TCNQF crystal sites that already formed in Red 

process followed by the reaction with Cu+ (equation 6). The two solids were then 

oxidized at different potentials.  

     (6) 

 

 
Figure 1 Cyclic voltammograms obtained in acetonitrile (0.1 M Bu4NPF6) for 8.0 

mM TCNQF and 8.0 mM [Cu(CH3CN)4]+ with a 1 mm diameter GC electrode at 

designated scan rates 
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Figure 2 Cyclic voltammograms obtained in acetonitrile (0.1 M Bu4NPF6) for 8.0 

mM TCNQF and 8.0 mM [Cu(CH3CN)4]+ with a 1 mm diameter GC electrode (a) at 

20 mV.s-1 as a function of switching potential, (b) switched at -250 mV with 

designated scan rates 

 

 

Figure 3 Cyclic voltammograms obtained in acetonitrile (0.1 M Bu4NPF6) for 8.0 

mM TCNQF and 8.0 mM [Cu(CH3CN)4]+ with a 1 mm diameter GC electrode when 

the potential was switched at (a) -205 mV at a scan rate of 20 mV.s-1 (b) switched 

at -250 mV at a scan rate of 300 mV.s-1 
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Figure 4 Cyclic voltammograms obtained in acetonitrile (0.1 M Bu4NPF6) for 8.0 

mM TCNQF and 8.0 mM [Cu(CH3CN)4]+ with a 1 mm diameter GC electrode when 

the potential was switched at -146 mV at a scan rate of 300 mV.s-1 

Moreover, on scanning multiple cycles, the nature of the accumulation of solid A 

(associated with Ox1) and solid B (associated with Ox2) varies. Thus, the Ox2 

current magnitude gradually increases on cycling of the potential at scan rates of 

20 mV.s-1 and 300 mV.s-1, and Ox1 decreases when the potential was switched at -

146 mV (Figure 4) or at -250 mV (Figure 3b). At 300 mV.s-1, the current decay of 

Ox1 is rapid until it was no longer detected and neither was Red1. These data 

suggest that the solid product, giving rise to Ox2 oxidation process is 

thermodynamically more stable than that giving rise to Ox1 process.  

Effect of deposition potential 

A series of experiments were performed with a solution containing 8.0 mM TCNQF 

and 8.0 mM Cu(MeCN)4+ in which the potential was held at either -118 or -250 mV 

vs. Ag/Ag+ for designated periods of time to induce either the Red or Red1 step, 

respectively. The potential was then scanned positively at designated scan rates. 

When TCNQF was reduced at -118 mV for 2s and the potential was scanned 

positively at 20 mV.s-1, Ox2 process was the main oxidation step implying 

predominant formation of solid B (Figure 5a). The current magnitude of Ox2 

increased when a longer deposition time of 5 s was applied which indicates that 

the accumulation of solid B occurred on the electrode surface using a longer 

deposition time. However, with 10 s of deposition, the Ox1 peak was detected 

concomitantly with a drop in peak current of Ox2.  This can be explained if there 
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was a transformation of solid B to solid A during the longer time scale of 10 s. 

Interestingly, after 5 s of deposition and when the potential was scanned 

positively, the peak current of Ox1 increased significantly with faster scan rate 

relative to the Ox1 step (Figure 5b). However, with 10 s of deposition, both Ox1 and 

Ox2 steps are detected at all scan rates examined, although Ox2 peak increases at 

higher rate than that of Ox1 (Figure 5c).  

 

 
Figure 5. Voltammograms obtained in acetonitrile (0.1 M Bu4NPF6) for 8.0 mM 

TCNQF and 8.0 mM [Cu(CH3CN)4]+ with a 1 mm diameter GC electrode when 

potential was held at -118 mV before sweeping the potential to -500 mV (a) for 

designated times at a scan rate of 20 mV.s-1 (b) for 5 s at designated scan rates (c) 

for 10 s at designated scan rates 

In contrast, when the potential was held at -250 mV and then scanned positively at 

50 mV.s-1, the Ox1 process becomes more dominant on increasing the deposition 

time from 2 to 10s (Figure 6a). With 5 s of deposition, both Ox1 and Ox2 can be 

detected despite the greater current magnitude of Ox1 compared to Ox2 (Figure 
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6b), whereas the Ox1 peak dominates in the voltammogram when 10 s is used for 

deposition. These data suggest that holding the potential at -250 mV creates an 

ideal condition for the growth of both solid A and solid B (Figure 6c). Furthermore, 

there is competition between scan rate and deposition time to detect either solid A 

or solid B product. 

 

 
 

 
Figure 6 Voltammograms obtained in acetonitrile (0.1 M Bu4NPF6) for 8.0 mM 

TCNQF and 8.0 mM [Cu(CH3CN)4]+ with a 1 mm diameter GC electrode when 

potential was held at -250 mV before sweeping the potential to 500 mV (a) for 

designated times at a scan rate of 50 mV.s-1 (b) for 5 s at designated scan rates (c) 

for 10 s at designated scan rates 

4.3.2. Cyclic voltammetry of TCNQF-/2- process in the presence of [Cu(MeCN)4]+ 

Extending the potential range to more negative values provides an opportunity to 

explore the behavior of the second TCNQF-/2- process in the presence of Cu+ 

provided that specific conditions are ensured to prevent the formation of 

CuTCNQF. As long as experiments performed at concentrations of Cu+ and TCNQF 
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lower than the value of the solubility of CuTCNQF, the precipitation can be avoided. 

On addition of 1.0 mM Cu+ into 1.0 mM TCNQF, the TCNQF0/- process is not 

modified, however another reduction wave appears at -438 mV (Red’) prior to the 

second TCNQF-/-2 reduction previously not present in the absence of Cu+. In the 

reversed scan, along with the TCNQF2-/- oxidation, a sharp and symmetric peak 

appears at -267 mV (Ox’). At more positive potentials, the TCNQF-/0 process retains 

its diffusion-controlled nature. On increasing the concentration of Cu+ to 2.0 and 

then 3.0 mM, the solution phase TCNQF2-/- process totally disappears and the 

reduction wave Red’ becomes sharper and more symmetric, as does the Ox’ peak 

(Figure 7) 

 
Figure 7. Cyclic voltammograms obtained in acetonitrile (0.1 M Bu4NPF6) for 1.0 

mM TCNQF with designated [Cu(CH3CN)4]+ concentrations with a 1 mm diameter 

GC electrode at a scan rate of 100 mV.s-1 

Voltammograms obtained with 0.5 mM TCNQF and 1.0 mM [Cu(MeCN)4]+ as a 

function of scan rate are shown in Figure 8. As can be seen, Epred shifts to more 

negative value from -454 to -475 mV over the scan rate from 50 to 500 mV.s-1.  

These observations suggest a formation of Cu-TCNQF2- solid on the electrode 

surface during the voltammetric experiment as described in equations 6-8.  

TCNQF0(MeCN) + e-     TCNQF-(MeCN)   (6) 

TCNQF-(MeCN) + e-      TCNQF2-(MeCN)     (7) 

TCNQF2-(MeCN) + 2Cu+(MeCN)      Cu2TCNQF(s)   (8) 
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Figure 8 Voltammograms obtained in acetonitrile (0.1 M Bu4NPF6) for 0.5  mM 

TCNQF and 1.0 mM [Cu(CH3CN)4]+ with a 1 mm diameter GC electrode at 

designated scan rates  

Nucleation growth mechanism 

 
Figure 9 Voltammograms obtained in acetonitrile (0.1 M Bu4NPF6) for 1.0 mM 

TCNQF and 2.0 mM [Cu(CH3CN)4]+ with a 1 mm diameter GC electrode at a scan 

rate of 50 mV.s-1 

Switching the potential at Eλ = -400 mV before scanning positively gave rise to a 

cross-over current and a symmetric oxidation peak Ox’ which is characteristic of a 

nucleation-growth mechanism confirming formation of a solid on the electrode 

surface (Figure 9). The formation of Cu-TCNQF2- material was confirmed by holding 

the potential at -700 mV to reduce TCNQF to TCNQF2- in the presence of Cu+ and 

then scanning the potential positively as shown in Figure 10a. The oxidation peak 

Ox’ splits to two separate peaks at a scan rate of 300 mV.s-1. At the faster scan rate 
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of 700 mV.s-1, the two processes are well resolved at -234 (Ox’) and -120 mV (Ox”) 

indicating that two different forms of Cu-TCNQF2- formed in this experimental 

condition.  To further examine the presence of two different forms, the potential 

was held at -700 mV for various periods of time prior to the potential being 

scanned positively at a scan rate of 50 mV.s-1 or 500 mV.s-1. The voltammograms 

are shown in Figure 10b (50 mV.s-1), and Figure 10c (500 mV.s-1). At 50 mV.s-1 scan 

rate, the amount of material formed on the electrode surface is independent on the 

deposition time evidenced by the mostly unchanged peak area of Ox’. However at 

500 mV.s-1, the appearance of two oxidation processes is highly dependent on the 

reduction time. The peak -120 mV was detected with high current magnitude 

when the potential was held for 10s, however when the reduction time increased 

to 30s, this peak disappeared. These observations suggest that there are in fact two 

forms of Cu-TCNQF2- material which can be oxidized at different potentials. 

However, the material corresponding to Ox’’ can only be detected with suitable 

scan rate and deposition times. This suggest that the formation of Ox” is kinetic 

controlled. 
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Figure 10. Cyclic voltammograms obtained in acetonitrile (0.1 M Bu4NPF6) for 0.5  

mM TCNQF and 1.0 mM [Cu(CH3CN)4]+ with a 1 mm diameter GC electrode when 

the potential was held at -700 mV before sweeping the potential to 500 mV (a) for 

5s at designated scan rates (b) for designated times at a scan rate of 50 mV.s-1 (c) 

for for designated times at a scan rate of 500 mV.s-1 

4.3.3. Spectroscopic characterization 

Figure 11 shows IR and Raman spectra of the samples synthesized both 

electrochemically and chemically. Characteristic IR vibrational bands were 

detected at 2205 and 2138 cm-1 for the C N stretch, 1513 cm-1 for ring C=C 

stretch, 1504 cm-1 for exocyclic C=C vibration, 1350 cm-1 for the mixing mode of 

ring C-C and C-F stretch. The C-CN stretch vibrational band was detected at 1196 

cm-1. Also, bands at 3343 and 1608 cm-1 imply the existence of water in these 

materials. Also, Raman absorptions were observed at 2214 cm-1 for the C=N 

stretch, 1609 cm-1 for the ring C=C stretch and 1391 cm-1 for the exocyclic C=C 

stretch. These bands closely match those present in the calculated spectrum 

discussed in chapter 2.  
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TCNQF2- material were also synthesized by adding 30.0 mM [Cu(MeCN)4]+ to an 

acetonitrile solution containing 10.0 mM TCNQF2- obtained by bulk electrolysis as 

described above. The yellow solid formed immediately after mixing and was 

collected and characterized by IR and Raman spectroscopy. However, the colour of 

this material gradually changed to green over several hours indicating that it 

decomposed in the air (Equation 10). Raman spectroscopy shown in Figure 12 

reveal that the sample contained TCNQF- deduced by Raman absorptions at 2220, 

1614 and 1393 cm-1 corresponding to C N stretch, ring C=C stretch and exocyclic 

C=C stretch, respectively.  

(m+n)(Cu+)2(TCNQF)2-(s)  mCu0(s)  + mCu+TCNQF-(s) + n(Cu+)2(TCNQF)2-(s) (10) 

4.3.4. Elemental microanalysis for CuTCNQF material 

Elemental analysis results was found to be C 49.66, H 1.20 and N 19.56% which 

can rationalized by the existence of water with an overall composition of 

CuTCNQF.1/4H2O (cal. C 49.66, H 1.22 and N 19.30%).  

 
Figure 11 (a) IR and (b) Raman spectra of chemically synthesized CuTCNQF, (c) IR 

and (d) Raman spectra of electrochemically synthesized CuTCNQF 
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Figure 12 (a) IR and (b) Raman spectra of electrochemically synthesized Cu-

TCNQF2- based material 

4.3.5. Morphology of CuTCNQF  

Unfortunately, attempts to grow of CuTCNQF crystals suitable for X-ray single 

crystal structural analysis was unsuccessful. However, the morphology of these 

compounds can be probed by SEM. The voltammetric data indicates that the 

reduction of neutral TCNQF to TCNQF- in the presence of Cu+ gave rise to the 

formation of two different morphologies as evidence as two separate stripping 

processes. Samples for SEM imaging were prepared with an acetonitrile solution 

containing 8.0 mM TCNQF and 8.0 mM [Cu(MeCN)4]+ using electrocrystallization at 

an ITO electrode. In the first experiments, the potential was cycled 50 times with 

the potential switched at either -118 or -250 mV vs Ag/Ag+. In another experiment, 

the potential was held at -118 mV or -250 mV for 2 mins. The SEM images reveal 

that when the potential was held at -118 mV for 2 mins, crystals having three 

different morphologies were formed (Figure 13). They are plate-like crystals having 

a size of ~ 10 µm, clusters of smaller ordered platelet crystals with a size of ~ 50 

nm and blocked crystals having a size of ~30 µm. In contrast, when the potential 

was held at a more negative value of -250 mV, only the 30 µm blocked crystals 

present (Figure 14). The pattern of variable crystal morphology for CuTCNQF solid 

suggests that the block-shaped crystal is the end point in the crystal growing 

process, representing a thermodynamic stable crystal. Apparently, the plate-like 

crystals initially formed at more positive potential (corresponding to the reduction 

peak present at 0 mV), are fragmented to smaller particles on increasing the 
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deposition time or applying more negative reduction potential. These smaller 

particles finally fused to generate the thermodynamically stable large block-like 

crystals.  

Images of crystals obtained after 50 cycles of the potential confirmed the 

formation of small crystal clusters when switching the potential at -120 mV and 

larger block-like shaped crystals at -250 mV (Figure 15a, b). It is interesting to note 

that the multiple small crystals were structured to give the big block shape 

crystals. The cyclic voltammetric data can be interpreted as followed; the Ox1 peak 

corresponds to the oxidation of plate-like crystals which are kinetically favoured at 

positive potentials and shorter deposition times, while the Ox2 peak can be 

attributed to the oxidation of the larger block-like crystals which are 

thermodynamically favoured and are dominant at more negative potentials and 

longer deposition times. The current magnitude of these Ox1 and Ox2 peaks upon 

multiple scans is consistent with transformation of kinetically favoured plate-like 

crystals to thermodynamically favoured big square block crystals. Images obtained 

at a specific spots on the surface when holding the potential at -250 mV for 2 mins 

reveal the progression in the transformation from small thin crystals to big block 

crystals (see Figure 14b).  Figure 15c shows the homogenous morphology of 

CuTCNQF synthesized from reaction of TCNQF and CuI in acetonitrile.  

   
 

Figure 13. SEM images at different location on surface of CuTCNQF 

electrocrystallized on ITO electrode from an acetonitrile (0.1 M Bu4NPF6) solution 

containing 8.0 mM TCNQF and 8.0 mM [Cu(MeCN)4]+. Reductive electrolysis of 

TCNQF to TCNQF- was undertaken for 2 min at -118 mV                                                                      

(a) (b) (c) 
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Figure 14. SEM images obtained at different location when CuTCNQF is 

electrocrystallized onto an ITO electrode surface from an acetonitrile (0.1 M 

Bu4NPF6) solution containing 8.0 mM TCNQF and 8.0 mM [Cu(MeCN)4]+. Reductive 

electrolysis of TCNQF to TCNQF- was undertaken for 2 min at -250 mV                                                                      

 

         
Figure 15. SEM images of (a, b)CuTCNQF electrocrystallized on ITO electrode by 50 

cycles of potential from 500 to -118 mV from an acetonitrile (0.1 M Bu4NPF6) 

solution containing 8.0 mM TCNQF and 8.0 mM [Cu(MeCN)4]+ at different 

magnification, (c) chemical synthesized CuTCNQF from TCNQF and CuI in 

acetonitrile 

4.3.6. Catalytic activity 

The redox reaction between ferricyanide and thiosulfate as shown below 

2[Fe(CN)6]3- + 2S2O32- = 2[Fe(CN)6]4- + S4O62-   (2) 

was chosen to illustrate the catalytic activity that can be achieved when a 

CuTCNQF2 or CuTCNQF layer on a copper foil presents in the solution.  

The rate of the reaction can be monitored by UV-Vis spectrometry using the ferric 

absorption band at λmax = 420 nm using a calibration curve. 

(a) (b) 

(a) (b) (c) 
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This reaction has been shown to be catalysed by colloidal noble metals.8,9 Recently, 

O’Mullane et al. also reported the catalytic capability of MTCNQ and MTCNQF4 (M = 

Cu, Ag).10 

In order to compare the catalytic activity of CuTCNQFn derivatives and explore the 

substituent effect on these catalysts, analogous catalytic experiments was 

performed by using a film of CuTCNQF2 and CuTCNQF on a piece of Cu foil with an 

area of 0.16 cm2.  These foils were then added to the mixture of reactants shown in 

equation 2 while stirring. Aqueous solution of [Fe(CN)6]3- and S2O32- is yellow and 

in the absence of the catalyst, the colour does not change over a period of 2 hours. 

However the introduction of CuTCNQF2 or CuTCNQF leads to rapid loss of the 

initial yellow colour as shown in Figure 16. This change was quantitatively 

determined by UV-Vis spectra. The absorbance at 420 was monitored at regular 

time intervals for both catalysts. 

 

 

 

 

 

Figure 16. Colour change that takes place in a stirred aqueous solution containing 

1.0 mM  [Fe(CN)6]3- and 0.1 M  S2O32- in the presence of CuTCNQF2  

  

Figure 17. Time dependent UV-Vis spectra of a solution containing 1.0 mM  

[Fe(CN)6]3- and 0.1 M  S2O32-  catalysed by(a) CuTCNQF2  and (b) CuTCNQF  
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Figure 18. Plot of ln(At/A0) versus time for CuTCNQ phase I and II, CuTCNQF, 

CuTCNQF2 and CuTCNQF4 (Data of CuTCNQ phase I and II and CuTCNQF4 is 

reproduced from ref. 5) 

As shown in Figure 17, CuTCNQF2 significantly enhances the redox reaction as 

demonstrated by a rapid drop of the Abs at 420 nm. After 4 mins of reaction, the 

Abs reaches zero (Figure 17a). In contrast, the use of CuTCNQF drives the reaction 

to a completion state after more than 75 mins (Figure 17b). The reaction is 

assumed to be first order as thiosulfate presents in large excess, hence the kinetics 

of this reaction upon introduction of the two catalysts was determined by plotting 

ln(At/A0) vs. time, where At is the absorbance at time t and A0 is initial absorbance 

and taking the slope of the linear part of the graph in comparison with CuTCNQ 

and CuTCNQF4 (Figure 18). The reaction rates on using CuTCNQF2 and CuTCNQF 

catalyst calculated via the slope of a linear part on the plot are 0.95 min-1 and 

1.05×10-2 min-1, respectively. It is surprising that the introduction of one fluorine 

atom in TCNQF does not enhance the catalytic activity of CuTCNQF. In contrast, the 

catalytic activity of CuTCNQF2 is significantly increased. The catalytic activity 

among the derivatives are in an order of CuTCNQ phase II (1.1×10-2 min-1) ~ 

CuTCNQF < CuTCNQ phase I (2.6×10-2 min-1) < CuTCNQF2 < CuTCNQF4 (1.09 min-

1). However, the end point of the redox reaction of [Fe(CN)6]3- and S2O82- in the 

presence of CuTCNQF was at shorter time than both phases of CuTCNQ were used. 

These results illustrate that the introduction of fluoro substituents, to some extent, 

affect the catalytic activity of CuTCNQ(F)n but not necessarily in the order expected 

for the increase of substitution level. 
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The catalytic activity depends on several factors, including surface area, material’s 

conductivity or solid-solution interface chemistry. In general, the catalytic reaction 

is enhanced with catalysts having larger surface area such as nano-materials. 

CuTCNQ crystal modified with gold nano particles significantly enhances the 

catalytic activity.11-13 The morphology CuTCNQF and CuTCNQF2 surfaces on the Cu 

foil were examined by SEM imaging. The images reveal a homogenous surface with 

analogous morphologies for both materials (Figure 19). The surfaces are covered 

CuTCNQF and CuTCNQF2 dense blocks. The similar morphology of both catalyst 

surfaces is against the influence of high surface area on the catalytic activity in this 

scenario. This is also applied for other TCNQ and TCNQF4 materials where CuTCNQ 

phase I although have greater surface area, the catalytic activity is lower than that 

of CuTCNQF4.5  

            
Figure 19. SEM images of (a) CuTCNQF and (b) CuTCNQF2 surface on Cu foil 

The mechanism of catalytic activity was also suggested to involve the charge 

accumulation on the catalyst surface. Results from open circuit potential 

experiments support this hypothesis. Comparing the OCP plots (Figure 20) between 

CuTCNQ, CuTCNQF, CuTCNQF2 and CuTCNQF4, shows that in all cases once 

thiosulphate is injected into the solution, the OCP value decreases which indicates 

that this process is either decrease in positive charge or increase negative charge 

on the surface. In this system the injection of thiosulphate should increase the 

negative charge on the surface. Interestingly, the trend of the decrease in OCP 

results is consistent with the catalytic activity order among these four derivatives. 

This suggests that the charge accumulation on those TCNQ derivatives films is 

(a) (b) 
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varied. The reason of different charge accumulation however requires further 

investigation.   

 

 
Figure 20 OCP vs. time recorded in 30 ml solution containing 1 mM [Fe(CN)6]3- 

(black) into which 0.1M S2O32- was added after 600 s, indicated by an arrow, and 

containing 0.1 M S2O32-(red) for (a) CuTCNQF2 and (b) CuTCNQF 

The composition of the CuTCNQFn film was compared using IR spectra before and 

after the catalytic experiment and was found to be identical (Figure 21).  

 

Figure 21. Comparison of the IR spectra of CuTCNQF2 on a Cu foil before (black) 

and after (red) catalytic experiment. 

4.3.7. Comparison between the four derivatives TCNQFn ( n = 0, 1, 2, 4) 

The voltammetric behavior of TCNQ and its fluorinated derivatives in the presence 

of Cu+ have some common features, although some are quite different. The 

common feature is that the formation of CuTCNQFn can be probed on the 

voltammetric time scale if the concentration of the reactants exceeds their 
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solubility product. This is evident by the decrease in current ratio of the oxidation 

and the reduction peak of TCNQFn0/-1 process indicating the consumption of the 

soluble TCNQFn- into a solid material on the electrode surface during the 

experiment time scale. Also, a stripping peak observed during the oxidation scan 

implies that the oxidation removes the CuTCNQFn material from the electrode 

surface.  

The solubility of these solids can mask the observation of any change in the CV in 

each TCNQ(F)n derivatives. While there was clear evidence of the formation of 

CuTCNQ, CuTCNQF and CuTCNQF2 in the voltammetric time scale, there was no 

noticable reduction or oxidation of CuTCNQF4 even at a concentration of 10.0 mM 

of each reactant, although the solubility of CuTCNQF4 is much lower than that of 

other derivatives-based materials. Two phases of CuTCNQ were reported with 

different crystal structures.1 Voltammetric experiments enable the formation of 

CuTCNQ phase I in acetonitrile via two distinctly processes to be probe, where 

either discrete clusters of needles or smaller crystals were formed over the 

surface. For TCNQF4 derivatives, evidence for the formation of CuTCNQF4 comes 

from the decrease in current ratio between the oxidation and reduction process 

from 1.0 to approximately 0.7 when the concentration of TCNQF4 is increased from 

1.0 to 10.0 mM in the presence of 10.0 mM of Cu+ in acetonitrile. Also, a broad peak 

was observed at more positive potential in the oxidation wave indicates the 

stripping of CuTCNQ while being oxidized. Interestingly, there was no oxidation 

peak close to the oxidation of soluble TCNQF4-/0 couple as was observed in the 

TCNQ case.  

Interestingly, with TCNQF and TCNQF2, two oxidation processes were observed. 

These waves were scan rate dependent indicating that they are kinetic-controlled 

processes.  

In a similar manner to TCNQ case, an additional redox process at more negative 

potential than the first redox process was observed which was attributed to the 

redox transformation of TCNQF into CuTCNQF material with a different 

morphology. Noticeably we are able to probe the morphology evolution 

voltammetrically and microscopically as discuss in this chapter. 
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4.4. Conclusion 

Cyclic voltammetry of TCNQF in the presence of [Cu(MeCN)4]+ in acetonitrile was 

investigated for both reduction processes TCNQF0/-/2- without any interference 

from one process to another by vary the concentration of TCNQF and 

[Cu(MeCN)4]+. The formation of CuTCNQF was detected in voltammetric time scale 

at a concentration of 8.0 mM of TCNQF and [Cu(MeCN)4]+. Crystal of two different 

morphologies corresponding to the two oxidation processes were probe using 

cyclic voltammetry as well as in microscopy by SEM. It was revealed that CuTCNQF 

was initially formed as plate-like crystals, before these crystals converted to 

smaller crystal and finally fused to form large block shape crystals when the 

potential was held at more negative value and longer period of time. CuTCNQF, 

unlike other fluoro derivatives, does not possess good catalytic activity on 

Fe3+/S2O82- redox reaction. This reaction rate with the presence of CuTCNQF is as 

slow as in the present of CuTCNQ phase II which is unexpected. The formation of 

TCNQF2--based material was also observed in voltammetric experiment, however 

this material is unstable in air, which are evidenced by IR and Raman 

spectroscopy.  
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Chapter 5 

Electrochemical synthesis of M2+-TCNQF materials (M=Ni, Co): 

Voltammetric, spectroscopic and microscopic evidence 

5.1. Introduction 

Transition metal-organic charge transfer salts, such as, CuTCNQ or AgTCNQ have 

been of wide interest because of their novel electronic and magnetic properties. 

(see Chapter 1). Much less research has been undertaken with the divalent cations 

metal organic salts, i.e. compounds compared to these 1:2 metal-(TCNQ-)2 charge 

transfer materials. Thus, although Cu(TCNQ)2 salt was synthesized in the 1960s 

and is diamagnetic,1 TCNQ-based  divalent metal salts have only reported in detail 

more recently. The chemical synthesis of M(TCNQ)2(S)2 complexes with M = Mn, 

Fe, Co or Ni and S = H2O or MeOH have been described and these materials show to 

have diverse magnetic properties.2-5 The electrochemical formation of TCNQ-based 

material as M(TCNQ)2 with Co2+, Ni2+, Zn2+ and Cd2+ has been reported. 6,7 the 

TCNQ2- compounds with similar M2+ cations are highly air-sensitive.8-10 However, 

the formation of TCNQF42--based solids with Co2+ and Ni2+ was confirmed by the 

careful interpretation of cyclic voltammograms and vibrational spectroscopy.11 As 

expected, the additional four fluorine atoms significantly enhances the stability of 

dianionic TCNQF42--based materials. In this chapter, the electrochemistry of 

TCNQF in the presence of Co2+ and Ni2+ will be discussed and it is shown that by 

varying the concentrations of M2+ and TCNQF, the formation of both TCNQF- and 

TCNQF2- solids can be distinguished by their characteristic voltammetric behavior. 

5.2. Experimental 

5.2.1. Chemicals 

TCNQF (98%, TCI Tokyo), Ni(ClO4)2.6H2O (Aldrich), Co(ClO4)2.6H2O (Aldrich), 

AgNO3 (99.998%, Aldrich) acetonitrile (HPLC grade, Omnisolv), isopropanol (BHD) 

and acetone (suprasolv, Merch KGaA) were used as received from the 

manufacturer. Bu4NPF6 (Aldrich), used as the supporting electrolyte in 

electrochemical studies, was recrystallized twice from 96% ethanol (Merck) and 

then dried at 100oC under vacuum for 24 hours prior to use.  
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5.2.2. Electrochemistry  

Voltammetric experiments were undertaken at room temperature using a 

Bioanalytical Systems (BAS) 100W electrochemical workstation. A standard three 

electrode cell (GC, 1 mm diameter) working electrode, a Ag/Ag+ (1.0 mM Ag+) 

reference electrode (RE) and a 1.0 mm diameter platinum wire counter electrode, 

was employed in those experiments. Prior to each experiment the working 

electrode was polished with 0.3 µm Al2O3 slurry using polishing cloth, rinsed with 

water followed by sonication in an ultra sonic bath for 30 seconds and dried under 

a stream of nitrogen. For electrocrystallization experiments Prazisions Glass and 

Optik GmbH indium tin oxide (ITO)-coated glass plates (0.1 – 0.2 cm2) with a 

resistance of 10 Ω/sq were used. The RE was constructed from Ag wire in contact 

with acetonitrile solution (0.1 M Bu4NPF6) containing 1.0 mM AgNO3 and 

separated from the test solution by a salt bridge. The potential of this reference 

electrode was -124 mV vs the ferrocene/ferrocenium (Fc0/+) couple. All solutions 

were purged with nitrogen gas for at least 10 min and a stream of nitrogen was 

maintained above the solutions during the course of the voltammetric 

experiments. For bulk electrolysis experiments, a large area Pt mesh was used as 

the working electrode instead of the GC electrode.  

5.2.3. Synthesis of M(TCNQF)2 and MTCNQF where M = Ni2+ and Co2+ 

TCNQFn- materials were prepared electrochemically by adding 100.0 mM M2+ in 

acetonitrile to a solution containing 10.0 mM of TCNQF- or TCNQF2- to form 

M(TCNQF2)2 or MTCNQF2, respectively. In order to prepare TCNQF-, the potential 

at the working electrode was held at -200 mV, while TCNQF2- was generated by 

further reduction of TCNQF- at -600 mV vs Ag/Ag+. The potential was held until the 

current ratio decrease to 0.1% of the initial value. A precipitate formed 

immediately, although the solution was kept stirring for a furthers 10 mins and the 

solid was collected by filtration and washed several times with CH3CN and dried 

under vacuum overnight before further characterization. 

5.2.4. Other instrumentations 

UV-Vis spectra were recorded with a Varian Cary 5000 UV-Vis NIR 

spectrophotometer with a 1.0 cm path length quartz cuvette.  A Varian UMA600 IR 

microscope and FTS7000 optics bench using 128 scans and a resolution of 8 cm-1 
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was used for IR spectra. Raman spectra were recorded on a Renishaw Invia Raman 

spectrograph with an Argon ion laser excitation at 633 nm. After being coated with 

Ir, SEM images were collected with a FEI Nova NanoSEM 450 FEGSEM 

instrumentation using an accelerating voltage of 5.0 kV. 

5.3. Result and discussion 

5.3.1. Cyclic voltammetry of the TCNQF0/- process in the presence of M2+ 

Voltammetric experiments were performed in an acetonitrile solution containing 

10.0 mM TCNQF and variable Ni2+ concentration, typically 5.0-50.0 mM. At 

concentration less than 5.0 mM Ni2+ and with a scan rate of 10 mV.s-1, the cyclic 

voltammograms retained diffusion-controlled characteristics. However, as shown 

in Figure 1a when the Ni2+ concentration increases from 5.0 to 50.0 mM, even 

though the TCNQF0/- reduction process remains unchanged, the reverse scan 

showed a new symmetric oxidation process (Ox1) appearing at a more positive 

potential (215 mV) than the diffusional peak for the TCNQF-/0 oxidation process at 

112 mV. The oxidation current also increases with an increase in Ni2+ 

concentration.  This behavior is consistent with an EC type mechanism which 

generates an insoluble material when the solubility product is exceeded at the 

electrode surface. Thus the solid is sequentially deposited on the electrode surface 

and is oxidized when the potential scan direction was reversed. Process label Ox1 

corresponds to the stripping of the insoluble material. This oxidation peak current 

Ox1 is highly dependent on the scan rate. As shown in Figure 1b Ox1 diminishes on 

increase the scan rate and disappears at scan rates faster than 50 mV.s-1. The scan 

rate dependence implies that the formation and deposition of the solid material 

that is kinetically controlled.  
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Figure 1. Cyclic voltammograms obtained with a 1 mm diameter GC electrode in 

acetonitrile (0.1M Bu4NPF6) containing 10.0 mM TCNQF, (a) designated Ni2+ 

concentrations. Scan rate = 10 mV.s-1, (b) 50.0 mM Ni2+ at designated scan rates 

To further probe the formation of the solid material indicated by Ox1, the 

electrode potential was held at -80 mV for designated periods of time before 

scanning the potential in the positive direction.  

The deposition time and scan rate dependence for the oxidation process were 

obtained in a solution containing 10.0 mM TCNQF and 50.0 mM Ni2+ as shown in 

Figure 2 and Figure 3. It is clear that the longer the deposition time, the larger Ox1. 

At 5 or 10 s of deposition, the oxidation of soluble TCNQF- remains visible, but at 

longer times of 30 or 50 s, Ox1 is the dominant oxidation wave (Figure 2).  

 
Figure 2. Voltammograms obtained with a 1 mm diameter GC electrode in 

acetonitrile (0.1M Bu4NPF6) containing 10.0 mM TCNQF and 50.0 mM Ni2+ when 

the potential was held at -80 mV for designated time before scan positively to 600 

mV. Scan rate = 10 mV.s-1 

(a) (b) 
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Figure 3. Voltammograms obtained with a 1 mm diameter GC electrode in 

acetonitrile (0.1M Bu4NPF6) containing 10.0 mM TCNQF and 50.0 mM Ni2+ when 

the potential was held at -80 mV for (a) 5 s and (b) 50 s before scan positively to 

600 mV at designated scan rates 

The scan rate dependence confirms the kinetic controlled nature of the formation 

of a Ni-TCNQF- material. As can be seen in Figure 3a, at a deposition time 5 s, at a 

scan rate of 50 mV.s-1, the ratio of peak currents for Ox1 peak and TCNQF-/0 

oxidation peak has changed on varying the scan rate from 10 mV.s-1 to 50 mV.s-1. 

At faster scan rate, TCNQF-/0 oxidation peak dominates, while Ox1 dominates at 

slower scan rates. However, when the potential was held at -80 mV for much 

longer time of 50 s, the peak current magnitude as well as the peak area of Ox1 is 

significantly increased (Figure 4b) as multiple layer of solid has been formed. 

Analogous voltammetric behavior was observed in the presence for Co2+. However, 

the lower solubility of Co-TCNQF material assists the observation of process Ox1 at 

slightly lower concentrations of both TCNQF and Co2+ ions. At concentration of 8.0 

mM TCNQF and 8.0 mM Co2+, the reduction of TCNQF0/- loses its reversible and 

diffusion-controlled voltammetric characteristics (Figure 4a). Moreover, the 

current magnitude TCNQF-/0 oxidation process is much smaller than the stripping 

peak that dominates at more positive potential. Similar to the Ni2+-TCNQF- process, 

the Ox1 is related to the oxidation of Co-TCNQF- material. The kinetically 

controlled formation of Co-TCNQF- material is also illustrated by varying the 

switching potential while using a scan rate of 20 mV.s-1 (Figure 4b).  
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Figure 4. Cyclic voltammograms obtained with a 1 mm diameter GC electrode in 

acetonitrile (0.1M Bu4NPF6) containing 8.0 mM TCNQF and 8.0 mM Co2+ (a) at 

designated scan rates, (b) with designated switching potential at a scan rate of 20 

mV.s-1 

 
Figure 5. Voltammograms obtained with a 1 mm diameter GC electrode in 

acetonitrile (0.1M Bu4NPF6) containing 8.0 mM TCNQF and 8.0 mM Co2+ when the 

potential was held at -110 mV for 30 s before scan positively to 600 mV at 

designated scan rate 

In order to confirm the formation of TCNQF- solids on the electrode surface, 

TCNQF was reduced at -110 mV in the presence of Co2+ for selected times before 

scanning positively (Figure 5). Again, oxidation of materials formed on the 

electrode occurred and the current magnitude increased with scan rate. Thus, this 

formation is kinetic controlled. 
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5.3.2. Cyclic voltammetry of the TCNQF-/2- process in the presence of M2+ 

The potential was scanned to the more negative value of -700 mV in order to 

investigate the behavior of the second redox TCNQF-/2- process in the presence of 

M2+. In this case, more dilute solutions of TCNQF and M2+ were used to eliminate 

the formation of the M-TCNQF- material. Upon addition of 0.5 mM Ni2+ to a solution 

containing 1.0 mM TCNQF, first reduction step TCNQF0/- stays unchanged as found 

in the absence of M2+ (see Chapter 2). However, current magnitude of second 

reduction step TCNQF-/2- decreases by half and a new reduction process appears at 

more positive potential -335 mV (Red’). Increasing the concentration of Ni2+ to 1.0 

mM and higher, TCNQF-/2- step diminishes and is replaced by Red’ (see Figure 6). 

This implies that the reduction process at -335 mV can be attributed to a reduction 

of TCNQF- to TCNQF2- followed by rapid formation of TCNQF2- -M2+ material, which 

consumes TCNQF2- immediately after its formation, by reduction TCNQF-. The 

formation of M2+-TCNQF2- material can be described via equation 1-3  

TCNQF(MeCN) + e  TCNQF-(MeCN)    (1)  

TCNQF-(MeCN) + e  TCNQF2-(MeCN)   (2) 

TCNQF2-(MeCN) + M2+(MeCN)  MTCNQF(s)   (3) 

 
Figure 6. Cyclic voltammograms obtained with a 1 mm diameter GC electrode in 

acetonitrile (0.1M Bu4NPF6) containing 1.0 mM TCNQF and 1.0 mM Ni2+(ν = 50 

mV.s-1) 

On reversing the scan direction, at a concentration ratio equal to 1.0 and higher, a 

stripping oxidation peak appears at 209 mV and overlaps with the TCNQF-/0 

oxidation process. This oxidation process is given in equation (4) 

NiTCNQF(s)  TCNQF(MeCN) + 2e- + Ni2+(MeCN)   (4) 
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The process of the Ox’ oxidation counterpart to Red’ was confirmed by varying the 

switching potential as shown in Figure 7. When the potential was switched at -258 

mV, a cross-over current was observed at -172 mV and at more negative potential 

(-341 mV), the peak current significantly increased.   

 
Figure 7 . Cyclic voltammograms obtained with a 1 mm diameter GC electrode in 

acetonitrile (0.1M Bu4NPF6) containing 1.0 mM TCNQF and 1.0 mM Ni2+ with 

different switching potential at 50 mV.s-1 

 
Figure 8 . (a) Cyclic voltammograms obtained with a 1 mm diameter GC electrode 

in acetonitrile (0.1M Bu4NPF6) containing 1 mM TCNQF and 1 mM Ni2+  at 

designated scan rates (b) Plot of Ipred of Red’ vs. square root of scan rate derived 

from (a). 

The effect of scan rate is shown in Figure 8. As can be seen, while the TCNQF0/- 

reduction retains its diffusion controlled characteristics, the Ep value of Red’ shifts 

negatively from -296 to -402 mV upon increasing the scan rate from 50 mV.s-1 to 
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300 mV.s-1. For Red’, there is a linear relationship between the peak current Eredp 

and square root of scan rate ν1/2. However, the positive intercept from the plot of 

Ered’p vs ν1/2 indicates a non-diffusion controlled component. At faster scan rates, 

two resolved-oxidation processes were observed with that at 116 mV being 

attributed to the diffusion-controlled oxidation of TCNQF- to TCNQF0 and that at 

~213 mV (Ox’) to the oxidation of Ni-TCNQF2- solid to TCNQF0. 

 
Figure 9. Cyclic voltammograms obtained with a 1 mm diameter GC electrode in 

acetonitrile (0.1M Bu4NPF6) containing 1.0 mM TCNQF and designated Ni2+ 

concentration at a scan rate of 50 mV.s-1  

The influence of Ni2+ concentration on the voltammetry for solutions containing 

1.0 mM TCNQF is shown in Figure 9 for a scan rate of 50 mV.s-1. Increasing the Ni2+ 

concentration from 1.0 to 3.0 mM did not significantly change the cyclic 

voltammograms which indicates that the formation of TCNQF2--based material is 

kinetically fast in this voltammetric time scale.  

Evidence for the formation of Ni-TCNQF2- material was also found when holding 

potential at -800mV for a period of time before commencing a positive potential 

scan (Figure 10a). When holding the potential for 2s, the current magnitude of Ox’ 

increased at a relatively slower rate than that of Ox as the scan rate was increased. 

An increase in the reduction time led to a relative increase in the Ox’ peak current 

magnitude, which means that there was more material deposited and stripped 

from the electrode surface.  

An analogous behavior was observed in the presence of Co2+ indicating the 

formation of Co-TCNQF2- solid during voltammetric time scale.   
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Figure 10. (a) Voltammograms obtained with a 1 mm diameter GC electrode in 

acetonitrile (0.1M Bu4NPF6) containing 1 mM TCNQF2 and 2 mM Ni2+  when 

potential was held at -800 mV before scanning positively (a) for 2 s at designated 

scan rate (b) for designated times at 400 mV.s-1 

5.3.3. Elemental microanalysis 

Microanalysis data for both Co- and Ni-TCNQF2-  materials indicate the presence of 

H2O in these materials.. The results for Co material are C 52.97% (53.44%), H 

1.96% (1.86%), N 19.48% (20.77%), which is consistent with a composition of 

Co(TCNQF)2.2H2O, for Ni material are C 52.98%(53.43%), H 1.97% (1.87%), N 

20.14% (20.77%)  which is consistent with a composition of Ni(TCNQF)2.2H2O. 

The coordination of two water molecules in the composition of M(TCNQF)2.2H2O is 

consistent with TCNQ complexes with other divalent metal cations has been 

reported with the coordination of either two H2O or two MeOH.2-5 The TGA data 

also reveals a lost ~ 8.5% of the mass at the temperature below 120-1500C, 

confirming the existence of 2 water molecules (Figure 11).  
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Figure 11. TGA data for electrochemical synthesized Ni(TCNQF)2.2H2O material 

5.3.4. Solubility of M(TCNQF)2 materials 

The solubility of M(TCNQF)2.2H2O in acetonitrile was determined by monitoring 

the concentration of TCNQF2- using UV-Vis spectrophotometry and steady state 

voltammetry at a 125 μm diameter gold microelectrode. For Co(TCNQF)2.2H2O in 

the absence of electrolyte, the solubility was found to be 0.323 ± 0.005 mM. In the 

presence of 0.1 M Bu4NPF6, the solubility increased to 0.486 ± 0.009 mM which is 

a result of ion pairing with the electrolyte ions. The calculated solubility product of 

Co(TCNQF)2.2H2O is 1.14 × 10-10 M3 with electrolyte and 3.37 × 10-11 M3 without 

electrolyte. For Ni(TCNQF)2.2H2O, the solubility was found to be 0.640 ± 0.008 mM 

and 0.177 ± 0.012 mM with and without the presence of electrolyte, respectively, 

which results in solubility products of 2.65 × 10-10 M3 in the presence and 5.54 × 

10-12 M3 in the absence of electrolyte.  

5.3.5. IR and Raman spectroscopy 

IR and Raman spectroscopy of materials synthesized electrochemically by direct 

addition M2+ in a solution containing TCNQF- prepared by bulk electrolysis and 

electrocrystallized on an ITO electrode are shown in Figure 12. The characteristic 

bands of the TCNQ family are evident in their spectra. For the Co(TCNQF)2 solid, 

the C  N stretch at 2212, 2190 cm-1, ring C=C stretch at 1510 cm-1, 1264 cm-1, exo 

C=C stretch at 1493 cm-1, mixing endocyclic ring C-C and C-F stretch at 1353 and 

1323 cm-1 and C-CN stretch at 1196 cm-1. These bands are closely ressemble those 

in calculated spectrum described in Chapter 2. The presence of broad IR 
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absorption at ~ 3400 cm-1 and a band at ~1600 cm-1 supports the presence of H2O 

found in the analytical data. Raman bands at 2232 cm-1 for the C N stretch, 1613 

cm-1 for ring the C=C stretch and 1399 cm-1 for the exocyclic stretch are 

characteristic for monoanion TCNQF- as discussed in chapter 2. A similar spectrum 

for Ni(TCNQF)2 solid was obtained.  

In the case of TCNQF- solid electrocrystallized on ITO electrode, IR and Raman 

spectra closely resemble those of bulk-synthesized solids, except that the broad 

band for water at ~3400 cm-1 was absent. Small amount of material 

electrocrystallized on the ITO electrode under nitrogen blanket may assist the 

removal of water during rinsing and drying in vacuum, which is harder than with 

bulk-synthesized samples. This can cause the absent of 3400 cm-1 band in IR 

spectrum as found in bulk-synthesized material.  

M-TCN QF2- materials were also synthesized and characterized. Bright yellow 

colour precipitates formed immediately after adding 10.0 mM M2+ (M = Ni2+, Co2+) 

to 5.0 mM TCNQF2- obtained by bulk electrolysis. However, it gradually changed to 

green. The IR and Raman spectra are shown in Figure 14 for the green solid. A red 

shift was expected if TCNQF2- was present. In IR spectrum, absorption of C N 

stretch was observed at 2230, 2130 and 2064 cm-1. The splitting in C N 

absorption bands has been reported with TCNQF42--based materials due to the 

nature of metal-nitrile bond in the material. 11-13 The mixing mode of ring C-C and 

C-F stretch at 1504 and 1307 cm-1 also showed a shift to lower energy compared to 

TCNQF- materials. However, absorption bands in the Raman spectra at 1617 and 

1403 cm-1 are characteristic for a symmetric ring C=C stretch mode and exocyclic 

C=C mode respectively in monoanion material. These observations consistent with 

the colour change suggest that TCNQF2- based materials are not stable in the 

presence of air and are slowly oxidized to the monoanion-based solids.  
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Figure 12. IR spectra for Co(TCNQF)2 (a) and Ni(TCNQF)2 bulk-synthesized solids 

 

Figure 13. Raman spectra for bulk-synthesized solids of Co(TCNQF)2 (red) and  

Ni(TCNQF)2 (black) materials 

 

 
Figure 14. IR (a) and Raman (b) spectra for electrocrystallized Co(TCNQF)2 (red) 

and Ni(TCNQF)2 (black) materials on an ITO electrode 
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5.3.6. Morphology of TCNQF-based material 

SEM imaging were used to examine the morphologies of the TCNQF- and TCNQF2--

based materials electrocrystallized onto an ITO electrode. Ni(TCNQF)2.2H2O 

electrocrystallized in discrete ~ 2 µm long cylindrical crystal (see Figure 17a), 

while Co(TCNQF)2.2H2O crystal are long and sharp needle-like growing out of 

electrode surface (see Figure 17b). EDAX analysis of the composition of 

electrodeposited materials confirmed the presence of Co and Ni along with carbon 

and nitrogen as required for formation of M(TCNQF)2.2H2O (Figure 17).  

  
Figure 15. SEM image of electrocrystallized (a) Ni(TCNQF)2.2H2O (b,c) 

Co(TCQNF)2.2H2O  obtained by reducing 10.0 mM TCNQF to TCNQF- at -200 mV in 

the presence of M2+ for 3 mins with an ITO electrode  

 
Figure 16. EDAX spectrum for (a) Ni(TCNQF)2.2H2O and (b) Co(TCNQF)2.2H2O  

SEM images of TCNQF2- materials electrocrystallized by holding the potential at -

700 mV for 180s exhibit an entirely different morphology as shown in Figure 17. 

While discrete crystals were observed for monoanionic based materials of both 

cations, electrocrystallization of dianionic solids generated clusters of crystals with 

different sizes and shapes. Block-shaped crystals of Ni-TCNQF2- were built up 

(a) (b) (c) 
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during electrolysis experiment and covered the entire ITO electrode surface. 

Whereas, solids of Co-TCNQF2- is longer and thinner in shape.  

 

          
Figure 17. SEM image of electrocrystallized (a) Ni-TCNQF2- (b) Co-TCNQF2-  

obtained by reducing 1.0 mM TCNQF at -500 mV in the presence of M2+ for 3 mins 

with an ITO electrode 

5.4. Conclusion 

The electrochemistry of TCNQF in the presence of Ni2+ and Co2+ has been described 

with respect to the TCNQF0/- and TCNQF-/2- reduction processes. The formation of 

M(TCNQF)2.2H2O and its electrochemistry was probed by cyclic voltammetric 

experiments using a range of different concentrations. The formation of 

Co(TCNQF)2 also can be detected using 8.0 mM for both M2+ and TCNQF but higher 

concentrations of TCNQF and Ni2+ are required to detect the nickel analogue (10.0 

mM of TCNQF and 50.0 mM Ni2+). Voltammetric data also reveal that the formation 

of TCNQF- solids is kinetically controlled. The second TCNQF-/2- reduction step also 

change dramatically in the presence of M2+. The TCNQF--based solid was 

characterized and is consistent with a formulae M(TCNQF)2.2H2O. Unfortunately, 

the TCNQF2--based solids are easily oxidized in air to give M(TCNQF)2 so they are 

not fully characterized.  

 

 

 

 

 

(a) (b) 
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Chapter 6 

Electrochemical synthesis of Ni2+ and Co2+ TCNQF2-based in acetonitrile 

6.1. Introduction 

Electrochemical formation of TCNQ and TCNQF4-based materials has been widely 

investigated, including comparisons to derivatives formed using a chemical 

synthesis approach.1-9  Much of this work has been reviewed in Chapter 1. In 

chapter 5, details of electrochemistry of M2+-TCNQF materials are provided, where 

M2+ = Ni or Co ions. Of note, it was shown that the difference in solubility of 

TCNQF- complexes has enabled an assessment of their electrochemical formation 

with Co2+ and Ni2+ and properties investigated, whereas, the M2+-derivatives of 

TCNQ- and TCNQF4- haven’t been described. Although detectable within 

voltammetric time scale, TCNQF2--based materials are not stable on exposure to 

the air, as evident by spectroscopic analysis. In this Chapter, the electrochemical 

synthesis of Co2+ and Ni2+ derivatives of TCNQF2- and TCNQF22- is described by 

carefully choice of the concentrations of M2+ and TCNQF2. Again, as found for 

TCNQF2-, it has been found that TCNQF22--derivatives decomposed in the air. Thus, 

only the tetrafluorinated TCNQF42- could stabilize the cationic complexes, with Ni2+ 

and Co2+. 

6.2. Experimental 

6.2.1. Chemicals 

TCNQF2 (98%, TCI Tokyo), Ni(ClO4)2.6H2O (Aldrich), Co(ClO4)2.6H2O (Aldrich), 

AgNO3 (99.998%, Aldrich) acetonitrile (HPLC grade, Omnisolv), isopropanol (BHD) 

and acetone (suprasolv, Merch KGaA) were used as received from the 

manufacturer. Bu4NPF6 (Aldrich), used as the supporting electrolyte in 

electrochemical studies, was recrystallized twice from 96% ethanol (Merck) and 

then dried at 100oC under vacuum for 24 hours prior to use.  

6.2.2. Electrochemistry  

Voltammetric experiments were studied at room temperature using a 

Bioanalytical Systems (BAS) 100W workstation. A standard three electrode cell 

configuration, comprising a glassy carbon (GC, 1 mm diameter) working electrode, 
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a Ag/Ag+ (1.0 mM Ag+) reference electrode (RE) and a 1.0 mm diameter platinum 

wire counter electrode, was employed in those experiments. Prior to each 

experiment the working electrode was polished with 0.3 µm Al2O3 slurry using 

polishing cloth, rinsed with water followed by sonication in an ultra sonic bath for 

30 seconds and dried under a stream of nitrogen. For electrocrystallization 

experiments Prazisions Glass and Optik GmbH indium tin oxide (ITO)-coated glass 

plates (0.1 – 0.2 cm2) with a resistance of 10 Ω/sq. The RE was constructed from 

Ag wire in contact with acetonitrile solution (0.1 M Bu4NPF6) containing 1.0 mM 

AgNO3 and separated from the test solution by a salt bridge. The potential of this 

reference electrode was -124 mV vs the ferrocene/ferrocenium (Fc0/+) couple. All 

solutions were purged with nitrogen gas for at least 10 min and a stream of 

nitrogen was maintained above the solutions during the course of the 

voltammetric experiments. For bulk electrolysis experiments, a large area Pt mesh 

was used as the working electrode instead of the GC electrode.  

6.2.3. Synthesis of M(TCNQF2)2 and MTCNQF2, where M = Ni2+, Co2+ 

TCNQF2n- materials was prepared electrochemically by adding 100.0 mM M2+ 

(where M = Ni2+ or Co2+) in acetonitrile to a solution containing 10.0 mM of 

TCNQF2- or TCNQF22- to form M(TCNQF2)2 or MTCNQF2, respectively. In order to 

prepare TCNQF2-, the potential at the working electrode was held at -100 mV, 

while TCNQF22- was generated by further reduction of TCNQF2- at -500 mV vs 

Ag/Ag+. The potential was held until the current ratio decrease to 0.1% of the 

initial value. Precipitate formed immediately. The solution was kept stirring for 10 

mins and the solid was collected by filtration and washed several times with 

CH3CN and dried under vacuum overnight before further characterization. 

6.2.4. Other instrumentation 

UV-Vis spectra were recorded with a Varian Cary 5000 UV-Vis NIR 

spectrophotometer with a 1.0 cm path length quartz cuvette.  A Varian UMA600 IR 

microscope and FTS7000 optics bench using 128 scans and a resolution of 8 cm-1 

was used for IR spectra. Raman spectra were recorded on a Renishaw Invia Raman 

spectrograph with an Argon ion laser excitation at 633 nm. After being coated with 

Ir, SEM images were collected with a FEI Nova NanoSEM 450 FEGSEM 

instrumentation using an accelerating voltage of 5.0 kV. 
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6.3. Result and discussion 

6.3.1. Voltammetry of TCNQF2 in the presence of M(ClO4)2 (M: Co, Ni) 

Cyclic voltammetry was used to examine the M-TCNQF2 solid materials which 

deposited on the electrode surface. Cyclic voltammograms were obtained for the 

reduction of TCNQF2 in the absence and presence of M(ClO4)2 in acetonitrile (0.1 M 

Bu4NPF6) at a glassy carbon (GC) electrode. In the absence of M2+, TCNQF2 

undergoes two diffusion-controlled, one-electron, chemically and 

electrochemically reversible processes as described in Chapter 2. These processes 

correspond to reduction of TCNQF2 to TCNQF2- and further to TCNQF22-. 

Furthermore, the reduction of M2+ in acetonitrile is much more negative than for 

TCNQF2; hence the voltammetry of TCNQF2 can be studied without interference 

from these metal ions. 

Initially, cyclic voltammetric experiments were performed in acetonitrile solution 

containing 4.0 mM TCNQF2 and 2.0 mM Co2+.  The scan rate dependence on the 

voltammetric behavior of the TCNQF20/- process is described in Figure . Using a 

slow scan rate of 10 mV.s-1, the TCNQF20/- reduction wave remains diffusion 

controlled. However, on reversing the scan direction, a new sharp and well defined 

oxidation process was observed at 251 mV (Ox1). At faster scan rates (50 or 100 

mV.s-1), the peak current magnitude of this process decreases and is absent at scan 

rates faster than 100 mV.s-1.  

 
Figure 1. Cyclic voltammograms obtained with a 1 mm diameter GC electrode in 

acetonitrile (0.1M Bu4NPF6) containing 4 mM TCNQF2 and 2 mM Co2+  at 

designated scan rate 
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Figure 2. Cyclic voltammograms obtained with a 1 mm diameter GC electrode at a 

scan rate of 50 mV.s-1 in acetonitrile (0.1M Bu4NPF6) containing 4 mM TCNQF2 and 

2 mM Co2+  (black), and 8 mM TCNQF2 and 4 mM Co2+ (red) 

At the higher concentration, with a solution containing of 8.0 mM TCNQF2 and 4.0 

mM Co2+ (Figure 2), current magnitude of the new process increases and the 

oxidation peak shifts to a more positive potential. This behavior is characteristic of 

the formation of a solid material upon reduction of TCNQF2 to TCNQF2-, 

accompanied by a stripping process on the oxidative reverse scan. Thus, TCNQF2- 

formed by the reduction of TCNQF2 reacts with Co2+ and forms a solid which is 

precipitated onto the electrode surface. This solid material is then oxidized in the 

reverse scan to regenerate the neutral TCNQF2. 

Results obtained by varying the switching potential in an acetonitrile solution 

containing 8.0 mM Co2+ and 4.0 mM TCNQF2 are shown in Figure 3. Switching the 

potential at a more negative potentials, from 100 to 50 to 17 mV, led to an increase 

in current magnitude of the oxidation stripping peak at 355 mV (Ox1). As 

described in Chapter 5, this is consistent with TCNQF2- formed by reduction of 

TCNQF2 reacted with Co2+ to give a solid on the electrode. This Co-TCNQF2 solid 

material can only be formed when the product of the concentration of Co2+ and 

TCNQF2- exceeds the solubility product, hence, the earlier the potential is switched, 

the less TCNQF2- formed. 
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Figure 3. Cyclic voltammograms obtained with a 1 mm diameter GC electrode in 

acetonitrile (0.1M Bu4NPF6) containing 8 mM TCNQF2 and 4 mM Co2+ at a scan rate 

of 50 mV.s-1 at designated switching potential 

In the presence of Ni2+ and with low concentrations of TCNQF2 and Ni2+, the 

voltammogram of the TCNQF20/- remains diffusion controlled without any 

evidence of solid formation on the electrode surface, i.e. unlike Co-TCNQF2 system. 

However, a layer of green solution was observed close to electrode surface during 

the reduction scan which faded during the reverse oxidation scan. TCNQF20/- 

process loses its reversible characteristics at low scan rates when an acetonitrile 

solution contains the higher concentrations 10.0 mM TCNQF2 and 50.0 mM of Ni2+ 

(Figure 4).  At a scan rate of 10 mV.s-1, a new broad oxidation process appears at 

347 mV (Ox1) which is associated with the stripping of a surface confined material. 

At faster scan rates, this stripping peak can’t be observed. This implies that the 

kinetics for the precipitation of Ni2+-TCNQF2- is slow. Analogous voltammograms 

were also observed when using a semiconducting, indium tin oxide electrode.  
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Figure 4. Cyclic voltammograms obtained with a 1 mm diameter GC electrode in 

acetonitrile (0.1M Bu4NPF6) containing 10 mM TCNQF2 and 50 mM Ni2+  at 

designated scan rates 

  

 
 
Figure 5. (a) Voltammograms obtained with a 1 mm diameter GC electrode in 

acetonitrile (0.1M Bu4NPF6) containing 10 mM TCNQF2 and 50 mM Ni2+  when 

potential was held at 50 mV before scanning positively. (a) for designated time at a 

scan rate of 10 mV.s-1 (b)  for 5s at designated scan rates  
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Figure 6. Voltammograms obtained with a 1 mm diameter GC electrode in 

acetonitrile (0.1M Bu4NPF6) containing 10 mM TCNQF2 and 50 mM Ni2+  when the 

potential was held at 50 mV for 20 s before scanning positively  at designated scan 

rates  

6.3.2. Formation of M-TCNQF2- material on the electrode surface 

The formation of TCNQF2-- based material was further probed by holding the 

potential at 50 mV vs Ag/Ag+ prior to the positive potential scan. Results for an 

acetonitrile solution containing 10.0 mM TCNQF2 and 50.0 mM Ni2+ are displayed 

in Figure 5. Both the deposition time and scan rate significantly affected not only 

the current magnitude, but also properties of the stripping wave. At a scan rate of 

10 mV.s-1, reducing TCNQF2 for 5 s to 20 s gave rise to the oxidation stripping peak 

at ~292 mV and the current magnitude of this peak was enhanced when longer 

times were applied. The broad peak at ~ 379 mV (Ox2) which was observed 

during cyclic voltammetry experiments is small (Figure 5a). When the potential 

was held for 5s, it was hard to detect the stripping peaks and the diffusional wave 

of TCNQF2-/0 became the main feature of the voltammogram presumably as the 

formation of the Ni-TCNQF2- solid is kinetically slow.  The scan rate dependance 

was examined after 5 s and 20 s of deposition. For the shorter deposition time, 

although there is evidence of stripping process at ~ 272 mV (Ox1) and ~379 mV 

(Ox2) at scan rate of 10 mV.s-1. However the diffusion controlled oxidation of 

TCNQF2- is the dominant feature in the voltammogram at 20 mV.s-1 and 50 mV.s-1, 

implying the stripping of the precipitate was kinetic controlled and not favoured 

under these conditions. However, when TCNQF2 is reduced for 20 s the Ox1 

oxidation peak increase in current magnitude at higher scan rate (Figure 6). Also 
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the peak potential shifts to more positive values. These observations suggest that 

the formation of Ni-TCNQF2- material could involve two different morphologies 

which are kinetically different and are oxidized at different potentials. Extensive 

electrolysis was performed in a solution containing 10 mM TCNQF2 and 100 mM 

Ni2+ at different reduction potential, -40 or -65 mV. Figure 7 reveals the 

dependence of stripping process on the reduction potential. When the potential 

was held at -65 mV for 30 s, when scanning positively the Ox1 oxidation was 

observed. However, when the potential was held at -40 mV for the same period of 

time, oxidation of the soluble TCNQF2- was detected along with the Ox2 oxidation 

peak. These stripping peaks closely resemble the peaks at 292 and 349 mV 

discussed above. Thus, this behavior confirms the existence of two different 

morphologies of the Ni-TCNQF2- materials.  

The growth of Co-TCNQF2- solid was studied in a similar manner confirming its 

formation via one oxidation stripping process, unlike in Ni2+ system (see Figure 8). 

 

 
Figure 7. Voltammograms obtained with a 1 mm diameter GC electrode in 

acetonitrile (0.1M Bu4NPF6) containing 10 mM TCNQF2 and 100 mM Ni2+  when 

potential was held at designated potential for 30 s before scanning positively at a 

scan rate of 50 mV.s-1  
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Figure 8. Voltammograms obtained with a 1 mm diameter GC electrode in 

acetonitrile (0.1M Bu4NPF6) containing 4 mM TCNQF2 and 2 mM Co2+  when 

potential was held at 0 mV before scanning positively (a) for designated time at a 

scan rate of 100 mV.s-1 (b)  for 5s at designated scan rate 

6.3.3. Cyclic voltammetry of TCNQF2-/2- in the presence of M2+ - The formation 

of MTCNQF2 solid 

The TCNQF2-/2- reduction step was also studied in the presence of M2+ (M = Ni, Co) 

by expanding the potential range to more negative values in order to include the 

second process. In these experiments, lower metal ion and TCNQF2 concentrations 

were used to prevent any interference from the formation of TCNQF2- material. 

Thus, voltammograms of the TCNQF20/- process under these conditions show only 

the diffusion-controlled process even at a slow scan rate of 10 mV.s-1.  

Upon addition of 1.0 mM of Ni2+ to a 2.0 mM solution of TCNQF2, a sharp reduction 

process was observed at a more negative potential (-96 mV) than for reduction of 

TCNQF20/- and hence prior to the reduction of TCNQF2-/2- (-450 mV). At the same 

time, the TCNQF2-/2- reduction current diminished by ~ half relatively to what 

found in the absence of Ni2+ ions (Figure 9). This is consistent with the formation of 

TCNQF22- - based material via equation 

TCNQF22-(MeCN) + Ni2+(MeCN) = NiTCNQF2(s)  (1) 
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Figure 9. Cylic voltammograms obtained with a 1 mm diameter GC electrode in 

acetonitrile (0.1M Bu4NPF6) containing 2.0 mM TCNQF2 and 1.0 mM Ni2+  at a scan 

rate of 100 mV.s-1 

At this concentration ratio, close to 1.0 mM of TCNQF22- remains unreacted, which 

generates the reduction wave at half of current magnitude in the absence of Ni2+. 

This TCNQF2-/2- response is completely absent when the concentration ratio of 

Ni2+: TCNQF2 greater than or equal to 1.0 which is consistent with the formation of 

TCNQF22- based material assuming that its formation is rapid on the voltammetric 

time scale. In the reverse scan, a sharp stripping peak is evident at 275 mV, which 

overlaps with the TCNQF2-/0 process. This  wave is close to a symmetric process 

and can be attributed to the oxidation of Ni-TCNQF22- material on the electrode 

surface to TCNQF2- which is then oxidized to TCNQF20. The scan rate dependence 

obtained in a solution containing 1.0 mM Ni2+ and 1.0 mM TCNQF2 is shown in 

Figure 10a. 
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Figure 10 (a) Cylic voltammograms obtained with a 1 mm diameter GC electrode in 

acetonitrile (0.1M Bu4NPF6) containing 1 mM TCNQF2 and 2 mM Ni2+  at designated 

scan rate (b) Plot of Ipred vs. square root of scan rate derived from Red’ peak from 

(a) 

The Ep value for the TCNQF20/- process is almost independent of scan rate while 

the that for Red’ shifts from -280 to -349 mV when the scan rate increased from 50 

mV.s-1 to 500 mV.s-1. In the case of the oxidation stripping peak, there is a linear 

relationship between peak current of Red’ and square root of scan rate (Figure 

10b) with a positive intercept implying a nucleation growth mechanism is 

involved.10  

The influence of switching potential on the stripping peak current is shown in 

Figure 11; the more negative Eλ value, the greater the magnitude of the stripping 

peak current. This confirms that the oxidation process at 275 mV (Ox’) is coupled 

to the sharp reduction process at ~-280 mV (Red’). 

The formation of Ni2+-TCNQF2- is also supported by holding potential at -700 mV 

for 5 s to 30 s and then scanning the potential in the positive direction. As 

expected, the current magnitude of the stripping process increases with the scan 

rate and deposition time, as described previously. 
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Figure 11. Cylic voltammograms obtained with a 1 mm diameter GC electrode in 

acetonitrile (0.1M Bu4NPF6) containing 1 mM TCNQF2 and 2 mM Ni2+  at designated 

switching potentials at a scan rate of 50 mV.s-1 

 

 
 

Figure 12. Voltammograms obtained with a 1 mm diameter GC electrode in 

acetonitrile (0.1M Bu4NPF6) containing 1 mM TCNQF2 and 1 mM Ni2+ when the 

potential was held at -600 mV (a) for 5s at designated scan rate (b) for designated 

time before scanning positively at a scan rate of 50 mV.s-1 

Analogous voltammetric behavior is observed in the present of Co2+ (Figure 13) 
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Figure 13 Voltammograms obtained with a 1 mm diameter GC electrode in 

acetonitrile (0.1M Bu4NPF6) containing 2 mM TCNQF2 and 2 mM Co2+  (a) at 

designated scan rates, (b) Plot of Ipred of Red’ vs. square root of scan rate derived 

from (a), (c) as in (a) when the potential was held at -600 mV for 5s before 

scanning positively at designated scan rates.  

6.3.4. IR and Raman characterization of TCNQF2- based material 

TCNQF2--based solids were electrochemically synthesized by addition of M2+ , 

where M = Co, Ni, into a solution containing TCNQF2- obtained by bulk reductive 

electrolysis of TCNQF2 and electrocrystallized on an ITO electrode as described in 

the Experimental section. IR and Raman spectra of Co (red) and Ni (black)-based 

materials are shown in Figure 14. The characteristic bands of TCNQ family were 

observed in the spectra. For the Co(TCNQF2)2 solid, the C N stretch at 2217, ring 

C=C stretch at 1512, exo C=C stretch at 1476, mixing endocyclic ring C-C and C-F 
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stretch at 1347 and 1249, C-CN stretch at 1164 cm-1. A broad IR absorption at ~ 

3400 cm-1 and the band at ~1600 cm-1 suggested the presence of H2O in the 

sample. Raman band at 2232, 1623, 1406 cm-1 are characteristic for the 

monoanion TCNQF2- as discussed in chapter 2. A similar spectrum for NiTCNQF2 

solid was obtained.  

For solid electrocrystallized on ITO electrode, both IR and Raman spectra mostly 

resemble those of the bulk-synthesized solids, except that the broad band for 

water was not present in the IR spectrum (Figure 15). It is interesting that this 

absence of H2O band in IR spectrum has been observed with electrocrystallized 

M(TCNQF)2 material in previous chapter which was assumed to due to the 

difference in synthesis conditions between electrocrystallization and bulk 

synthesis. 
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Figure 14. IR spectra of Co(TCNQF2)2 (a) and (b) Ni(TCNQF2)2 bulk-synthesized 

solids and (c) Raman spectra Co(TCNQF2)2 (red) and Ni(TCNQF2)2 (black) 

 

 
Figure 15. IR (a) and Raman (b) spectra of electrocrystallized Co(TCNQF2)2 on ITO 

electrode 
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M-TCN QF22- (where M = Ni, Co) solids were also synthesized and characterized. 

Bright yellow coloured precipitates formed immediately after addition of 10.0 mM 

M2+ to 5.0 mM TCNQF22- obtained by bulk electrolysis, which gradually turn to 

green in the air. The IR and Raman spectra are shown in Figure 16. It was expected 

that a red shift would be observed compared to the TCNQF2- material spectra. The 

C N stretch was observed at 2207, 2146 and 2074 cm-1. The splitting of the C N 

absorption bands has been previously reported for TCNQF42--based materials and 

is due to the coordination nature of metal-nitrile bond in these materials.8,11,12 The 

mixing mode of the ring C-C and the C-F stretches at 1306 and 1238 cm-1 also 

showed a shift to lower energy compared to TCNQF2- materials. However, the ring 

C=C stretch at 1523 cm-1 closely resembles that found in TCNQF2- spectrum. 

Furthermore, C-H out of plane bend band at 876 cm-1 is also characteristic for the 

monoanion. Even stronger evidence for the existence of the monoanion came from 

the Raman absorption bands. The C N stretch shifts to higher energy at 2215 cm-

1, and other characteristic bands appear at 1629 and 1412 cm-1 are also detected in 

M(TCNQF2)2.2H2O solids. These observations suggest that TCNQF22--based 

materials are not stable under ambient conditions and decomposed to the 

monoanion species which gives rise to a mixture of the mono and dianion 

diagnostic band in the vibrational spectra. 

  
Figure 16. (a) IR and (b) Raman spectra of electrocrystallized Ni-TCNQF22- (black) 

and Co-TCNQF22- (red) materials  
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6.3.5. Elemental and thermogravimetric analysis  

Elemental analysis data of both Ni and Co monoanionic TCNQF2- materials suggests 

a formulae of M(TCNQF2)2.2H2O. The results for Co(TCNQF2)2.2H2O are C 50.04% 

(50.10%), H 1.37% (1.40%) and N 19.44% (19.47%), and for Ni(TCNQF2)2.2H2O 

material are C 50.68% (50.12%), H 1.23% (1.40%) and  N 19.17% (19.48%). The 

TGA data also reveal a loss ~ 6% of the mass temperatures below 1500C, again is 

consistent with the presence of two water molecules. Once again, this formulae is 

consistent with other TCNQ-- and TCNQF--based complexes with the presence of 

two solvent molecules. 

 
Figure 17 Thermogravimetric analysis for electrochemical synthesized 

Ni(TCNQF2).2H2O material 

6.3.6. Solubility measurements 

The solubility of M(TCNQF2)2.2H2O in acetonitrile was determined by monitoring 

the concentration of TCNQF2- using UV-Vis spectrophotometry and steady state 

voltammetry at a 125 μm diameter gold microelectrode. For Co(TCNQF2)2.2H2O in 

the absence of eletrolyte, the solubility was found to be 0.152 ± 0.007 mM. In the 

presence of 0.1 M Bu4NPF6, the solubility increased to 0.485 ± 0.012 mM which 

reflects the impact of ion pairing with the electrolyte ions. The calculated solubility 

product of Co(TCNQF2)2.2H2O is 1.14 × 10-10 M3 with electrolyte and 3.51× 10-12 M3 

without electrolyte. For Ni(TCNQF2)2.2H2O, the solubility was found to be 0.222 ± 

0.008 mM and 0.873 ± 0.012 mM with and without electrolyte, respectively, which 

results in solubility product of 6.65 × 10-10 M3 and 1.09 × 10-11 M3. Clearly 

Ni(TCNQF2)2.2H2O is slightly more soluble than Co(TCNQF2)2.2H2O. This is 

consistent with the cyclic voltammetric observation where the formation of Ni-

6% 
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TCNQF2- solid can only be detected electrochemically at higher Ni2+ and TCNQF2- 

concentrations compared with the Co-TCNQF2 system. The higher solubility of 

TCNQFn--based materials could be used to explain the absence of precipitate where 

100.0 mM of M2+ was added to a solution containing 2.0 mM of TCNQF4- to 

synthesize M-TCNQF4- material.8 TCNQF4--based materials also have much higher 

solubility as found with TCNQF2- where no precipitate could be achieved under 

voltammetric conditions.  

6.3.7. Morphologies of M-TCNQF2 materials 

The morphologies of both TCNQF2- and TCNQF22--based materials crystallized onto 

an ITO electrode were examined by the SEM technique. Only one morphology was 

observed for the Co-TCNQF2- material (Figure 18) where clusters of cylindrical 

blocks with a length of ~ 1 µm, presumably grow from the nucleation sites. 

However, the morphology of the Ni-TCNQF2- solid depends on the applied 

reduction potential. Figure 19a represents the image of an ITO electrode surface 

when a solution containing 10.0 mM TCNQF2 and 100.0 mM Ni2+ is reduced at -76 

mV for 3 min. Under these conditions, the electrode surface was covered evenly by 

a densely packed solid which was unlike Co(TCNQF2)2 where the crystals were 

found at discrete sites on the electrode surface. In contrast when TCNQF2 was 

reduced at a more negative potential, i.e. -200 mV, this dense packing of crystals 

were replaced by interpenetrated thin sheets, see Figure 19b-c. Interestingly, the 

detection of two morphologies is consistent with the cyclic voltammetric data as 

discussed above. The oxidation peak at 434 mV can be attributed to the oxidation 

of crystal with cylindrical morphology, formed at a more positive potential, while 

the oxidation process at 345 mV corresponds to the oxidation of the thin-sheet 

morphology.  

EDAX analysis of electrodeposited materials confirmed the presence of Co and Ni 

along with carbon and nitrogen as required for formation of M(TCNQF2)2.2H2O. 

Although spectroscopic data revealed that TCNQF22- solids are not stable in air, it 

was still interesting to compare these morphologies. The TCNQF22- materials were 

electrocrystallized onto an ITO electrode from an acetonitrile solution containing 

0.5 mM Co2+ or Ni2+ and 0.5 mM TCNQF2- by holding the potential at -500 mV for 

180 s. Images shown in Figure 20 reveal that the morphology is significantly 
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different from the TCNQF2- materials described above. Here, cylindrical crystals of 

Co(TCNQF2)2 with thin needle-like morphology are observed (see Figure 20b). 

Needle-like crystals have commonly been reported for Co-TCNQ and TCNQF42- 

based materials.8,13 On the other hand, the Ni material consist of stacks of block-

shape crystals with a size of ~ 400 nm (Figure 20a). It is likely that although 

TCNQF22- moiety was oxidized to TCNQF2- in air with the morphology of TCNQF22- 

solid being retained.  

 
Figure 18. SEM image of Co(TCNQF2).2H2O eletrocrystallized onto an ITO electrode 

from an acetonitrile solution (0.1M Bu4NPF6) containing 8.0 mM TCNQF2 and 8.0 

mM Co2+ when the potential was held at -100 mV for 3 mins. 

 

 
Figure 19. SEM image of Ni(TCNQF2).2H2O eletrocrystallized onto an ITO electrode 

from an acetonitrile solution (0.1M Bu4NPF6) containing 10.0 mM TCNQF2 and 

100.0 mM Ni2+ when the potential was held (a) -76 mV (b, c) -200 mV for 3 mins. 

(a) (b) (c) 
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Figure 20.  SEM image of (a) Ni-TCNQF22- and (b) Co-TCNQF22- solid 

eletrocrystallized onto an ITO electrode from an acetonitrile solution (0.1M 

Bu4NPF6) containing 1.0 mM TCNQF2 and 1.0 mM M2+ when the potential was held 

-600 mV for 3 mins. 

6.3.8. Interpretation of the cyclic voltammetry of TCNQ in the presence of Co2+ 

Voltammetric evidence for the formation of both Co2+-TCNQF- and TCNQF22- was 

obtained by carefully choosing the Co2+ and TCNQFn concentrations for each 

material. It is likely that the high solubility of Co2+-TCNQFn- materials compared to 

the monocationic Cu or Ag analogous has provided a significant challenge in 

probing the electrochemical behavior of this system. This also enabled the 

voltammetry of TCNQ in the presence of Co2+ to be re-examined.5 Provided the 

formation of Co-TCNQ- is fast enough, at a concentration ratio Co:TCNQ of 1:2, 

according to equation 2 and 3, TCNQ- will be totally consumed by Co2+, so the 

TCNQ-/2- step should be absent. However, the current of the TCNQ-/2- process 

decreases to approximately a half the magnitude, compared with that in the 

absence of Co2+ and remained detectable at the concentration up 1.2:1 (Figure 21), 

which suggests that the reduction of TCNQ- to TCNQ2- is accompanied by the 

formation of a Co-TCNQ2- not TCNQ- based material. The positive shift in the peak 

is consistent with Nernst equation where a decrease in concentration of TCNQ2- 

will give a positive shift in peak potential.  

2TCNQ(MeCN) + Co2+(MeCN)  +2e- = Co(TCNQ)2(s)    (2) 

TCNQ(MeCN)  + Co2+(MeCN)  +  2e- = CoTCNQ(s)    (3) 

 

(a) (b) 
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Figure 21. Cyclic voltammograms obtained in acetonitrile (0.1M Bu4NClO4) with a 

3 mm diameter GC electrode and scan rate of 100 mV.s-1 for the reduction of 1.0 

mM TCNQ in the absence (black curve) and in the presence of 0.5 mM 

Co(ClO4)2·6H2O at a 1:2 ratio and when the potential is switched before (red curve) 

and after (blue curve) the TCNQ-/2- reduction process. Adapted from ref 13.13 

Reviewing all the results from previous studies and within this thesis, it is strongly 

evidenced from the cyclic voltammetry of TCNQF4 as well as TCNQF and TCNQF2 in 

the presence of Co2+ and Ni2+ that the peak label as Ired in Figure 21 is associated 

with the TCNQ-/2- reduction step, not TCNQ0/-, accompanied with the formation of 

Co-TCNQ2- solid onto the electrode. Further evidence can be deduced from a 

voltammetric experiment was performed on a solution containing 2.0 mM Co2+ and 

4.0 mM TCNQF2 (Figure 22). In this condition, both the formation of TCNQF2- and 

TCNQF22- material can be detected by varying experimental potential range. In this 

experiment the potential was switched at -7 mV, i.e prior to the Red’ or -36 mV on 

Red’ process. When the potential was switched at  -7 mV and prior to the onset of 

the second process, on the reverse scan, an oxidation peak appeared at 263 mV 

(Ox1), which was attributed to the stripping of Co(TCNQF2)2 solid as described 

above, along with the diffusional TCNQF2-/0 process. When the potential was 

switched at -36 mV, a cross-over current and three oxidation processes were 

observed on the reverse scan. The oxidation of soluble TCNQF2- was detected as a 

shoulder with two sharper peaks at 241 mV (Ox’) and 294 mV (Ox1), which 

confirms that the TCNQF2--based solid was actually formed prior to the Red’ 

process. The same behavior should be true for other fluorinated derivatives 

provided that the concentrations of both M2+ and TCNQFn are high enough to 

exceed the solubility products.  
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Figure 22 Voltammograms obtained with a 1 mm diameter GC electrode in 

acetonitrile (0.1M Bu4NPF6) containing 2 mM TCNQF2 and 4 mM Co2+  at 50 mV.s-1 

at different switching potential 

6.4. Conclusion 

If the concentrations of M2+ and TCNQF2 are carefully chosen, the cyclic 

voltammetry of both TCNQF20/-/2- reduction processes can be investigated in the 

presence of Co2+ or Ni2+. Due to high solubility of Ni(TCNQF2)2 solid, 10.0 mM 

TCNQF2 and 50.0 mM Ni2+ solution was required for voltammetric experiments to 

detect the formation of monoanion TCNQF2--based material on the voltammetric 

time scale. In contrast the less soluble Co(TCNQF2)2 formation can be detected 

with a much lower concentration of reactants. Cyclic voltammetric data suggest 

the existence of two Ni(TCNQF2)2 solid morphologies which gives rise to two 

stripping oxidation steps on the positive potential scan depending on scan rate and 

reduction potential. SEM images obtained using different electrolysis potential 

reveal two different morphologies for eletrocrystallized Ni(TCNQF2)2 supporting 

the voltammetic results. The TCNQF2-/2- reduction step can be studied in the 

presence of M2+ by lowering the concentrations. However, the TCNQF22--based 

materials are not stable in the air as evidence by a change in colour of the solid and 

spectroscopic data. Thus only the TCNQF42- materials are air stable. 
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Chapter 7 

Chemistry and electrochemistry of TCNQF and TCNQF4 in the presence 

of Zn2+ 

7.1. Disportionation of TCNQFn- in the presence of Zn2+ in acetonitrile 

7.1.1. Introduction 

In principle disproportionation of TCNQ- can generate TCNQ0 and TCNQ2- as shown 

in the equation 

2TCNQ- TCNQ + TCNQ2-  (1) 

provided there is a driving force to stabilize the TCNQ2- state. 

This chemistry is known, for example, disproportionation of TCNQ- facilitates the 

conversion of 1:1 anion radical salts (1-benzyl-3-cyanopyridinium) TCNQ (B-3CN-

1) and (1-benzyl-4-cyanopyridinium) TCNQ (B-4CN-1) to their 1:2 analogues (1-

benzyl-3-cyanopyridinium)(TCNQ)2 (B-3CN-2) and (1-benzyl-4-

cyanopyridinium)(TCNQ)2 (B-4CN-2), respectively as shown in Scheme 1.1  

 
Scheme 1. The disproportionation of TCNQ- illustrated using the B-3CN-1 

complex.1 

This conversion can be achieved by recrystallizing the initial material B-3CN-1 

from pure acetonitrile in the presence of oxygen. It was proposed that during the 

recrystallization, B-3CN-1 slightly soluble, hence TCNQ- can be dissociated 

followed by the disproportionation to TCNQ0 and TCNQ2-. The neutral TCNQ0 is 

sequentially incorporated into initial crystals generating the (TCNQ)2pyridium salt. 

A representative mechanism for the conversion of simple pyridium salts 

(Py+TCNQ-) has been proposed as shown in Scheme 2.  
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Scheme 2. A general mechanism proposed for the disproportionation of pyridium-

TCNQ-, where Py = pyridium1 

In this example, the irreversible oxidation of TCNQ2- to DCTC- is the driving force 

for the disproportionation of TCNQ- reaction.  

A similar disproportionation reaction was also observed in acetonitrile solution 

while preparing a conducting TCNQ salts with 8-hydroxyquinoline ethers and 

biethers (Scheme 3).2 Although initial solid product is stable, it decomposed in 

acetonitrile solution. In another study, Hill and coworkers also exploited the 

disproportionation reaction to synthesize a six-coordinate 5,10,15,20-

tetraphenylporphinatomanganese(III) complex (TPPMn+) with methyl 4-

(dicyanomethylene)benzoate anion (MDCB-) which was resulted from the 

decomposition of TCNQ2- followed by hydrolysis from the disproportionation of 

TCNQ- in methanol (scheme 4).3,4  

 
Scheme 3.  8-hydroxyquinoline ethers (1) and biethers (2) 
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Scheme 4. The formation of 5,10,15,20-tetraphenylporphinatomanganese(III) 

complex (TPPMn+) from the disproportionation of TCNQ- where DCBC- = 4-

(dicyanomethylene)benzoyl cyanide anion, MDBC- = methyl 4-

(dicyanomethylene)benzoate anion 

The electronic dynamics of (TCNQ-)22- disproportionation was studied recently and 

revealed that it proceeds in a two step in which photoexcitation triggers an 

electron transfer (<10fs) followed by dissociation into two products TCNQ and 

TCNQ2- within 350 fs.5  

It is interesting that the disproportionation of TCNQ and TCNQF4 in acetonitrile is 

shown to be facilitated by the presence of Zn2+. Highly insoluble ZnTCNQF4 is 

formed which drives the disproportionation. However, this disproportionation is 

reversed in the presence of water.6 Thus, the disproportionation of TCNQF- and 

TCNQF2- in the presence of Zn2+ ions has been investigated here and compared 

with results for TCNQ- and TCNQF4-.  

7.1.2. Experimental  

7.1.2.1. Chemicals 

Zn(ClO4)2.6H2O (Aldrich), ferrocene (98%, EGA-Chemie), acetonitrile (HPLC grade, 

Omnisolv), isopropanol (BHD) and acetone (Suprasolv, Merck), TCNQF and 

TCNQF2 (98%, TCI) were used as received by the manufacturer. (Bu4N)PF6 (Wako) 

was recrystallized twice from 96% ethanol (Merck) and then dried at 100oC under 
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vacuum for 24 h before being used as the supporting electrolyte in the 

electrochemical experiments. 

7.1.2.2. Procedures 

Acetonitrile solutions containing either 10.0 mM TCNQF2- or 10.0 mM TCNQF- were 

quantitatively prepared by exhaustive electrochemical reduction of 10.0 mM 
TCNQF2 or TCNQF in acetonitrile (0.1 M Bu4NPF6) at a Pt mesh working electrode 
at constant potentials of -100 mV (vs. Ag/Ag+) for the TCNQF2 and –200 mV (vs. 

Ag/Ag+) for TCNQF. An analogous protocol was applied to prepare a 10.0 mM 

solution of TCNQF22- and TCNQF2- in which, after quantitative generation of the 

monoanion, potential was set to –550 mV and -650 mV to convert TCNQF2- and 

TCNQF22-.  Controlled potentials were maintained until the current decreased to 

0.1% of its initial value. UV-Vis spectroscopy was utilized to confirm that all the 

starting material was reduced to the required product in the bulk electrolysis 

experiments. Zn-TCNQFn material was obtained by mixing 10.0 mL solutions of the 

electrochemically generated TCNQF2- or TCNQF22- (10.0 mM ) in acetonitrile (0.1 M 

Bu4NPF6) with 5.0 mL (2:1 ratio) or 10.0 mL (1:1 ratio) acetonitrile solutions 

containing 10.0 mM Zn2+, followed by stirring for 5 min. The rapidly formed 

precipitates were collected by centrifugation, washed with 5 × 2 mL of acetonitrile, 

dried and stored overnight under vacuum.  

7.1.2.3. Electrochemistry 

Voltammetric experiments were undertaken with a Bioanalytical Systems (BAS) 

Epsilon electrochemical workstation at room temperature (22±2oC) using a 

standard three-electrode cell configuration. The working electrode used in steady 

state voltammetric experiments was a BAS gold microelectrode (11±2 μm 

diameter). The counter electrode was 1.0 mm diameter Pt wire. The reference 

electrode consisted of a Ag wire placed in acetonitrile solution containing 1.0 mM 

AgNO3 and 0.1 M Bu4NPF6, and separated from the test solution by a glass frit. 

Conversion to Fc/Fc+ reference scale can be achieved by addition of −135 mV. In 

the case of bulk electrolysis experiments, a three-compartment “H-type” cell 

configuration with Pt mesh working and counter electrodes and the same Ag/Ag+ 

reference electrode employed in voltammetric studies were used. Solutions for 

electrochemical measurements were purged with nitrogen gas for 10 min before 
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commencing the experiments. 

7.1.2.4. Other Instrumentations 

UV-vis and FT-IR instrumentation are as detailed in previous chapters. 

7.1.3. Result and discussion 

Voltammetric experiments were performed on an acetonitrile solution containing 

10.0 mM of TCNQFn- (n = 1, 2) formed by one electron bulk reductive electrolysis 

of TCNQFn. Near steady state voltammograms confirmed that all of the neutral 

TCNQFn was reduced to TCNQFn- as evidenced from the zero current position. 

Prior to electrolysis TCNQFn in acetonitrile generates two one-electron reduction 

steps as described in Chapter 2. In the case of TCNQFn-, the positive current 

represents the TCNQFn-/0 oxidation step and the negative current illustrates the 

TCNQFn-/2- reduction step (see Chapter 2).  

Upon adding addition Zn2+ to a 5.0 mM TCNQFn- in acetonitrile, the green colour of 

the solution associated with the monoanion gradually became yellow, which is the 

colour of neutral TCNQFn0 in acetonitrile and precipitate also was formed.  

In a series of experiments, 1.25, 2.5 and 5.0 mM Zn2+ was added to a 5.0 mM 

solution of TCNQFn- to give 0.5:2, 1:2 and 2:2 Zn2+:TCNQFn- stoichiometric ratios. 

At the lowest ratio, it took longer for green colour to disappear and for the 

precipitate to appear with the rate being slower for TCNQF- than for TCNQF2-. All 

the solutions were stirred for 5 mins to enable the reaction to go to completion 

before centrifugation to separate the solids. The supernatant solution was then 

diluted 200-fold with acetonitrile and examined by UV-Vis spectroscopy (Figure 

1). At the 0.5:2 ratio, characteristic absorption bands for both neutral TCNQF20 

(TCNQF0) and TCNQF2- (TCNQF-) were observed at 392 (391) and 424 (417), 

respectively (see Chapter 2).  
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Figure 1. UV-Vis spectra obtained from the supernatant solution after mixing 

acetonitrile solutions containing 5.0 mM of (a) TCNQF2- and (b) TCNQF- and Zn2+ at 

designated concentrations with 200 fold dilution with acetonitrile 

However, when the ratio was increased to 1:2 or 2:2, the band for TCNQFn- was 

barely detected (420 and 742 nm), with the dominant absorption band being for 

neutral TCNQFn  at ~390 nm. The concentration of TCNQFn and unreacted TCNQFn- 

was quantitatively determined by reference to calibration curves for each species. 

The results are summarized in Table 1. These UV-Vis data confirmed the 

generation of neutral TCNQFn by reaction of TCNQFn- with Zn2+ at a of 1:2 

stoichiometric ratio to afford TCNQFn0 neutral and a Zn-TCNQFn based solid via 

equations 2 and 3 

2TCNQFn-(MeCN)   TCNQFn(MeCN)   + TCNQFn2-(MeCN)    (2) 

TCNQFn2-(MeCN)   + Zn2+(MeCN)    ZnTCNQFn(s)   (3) 

The overall reaction is therefore: 

2TCNQFn-(MeCN)   + Zn2+(MeCN)   ZnTCNQFn(s) + TCNQFn(MeCN)    (4) 
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Table 1. TCNQFn and unreacted TCNQFn- concentrations formed upon mixing 

TCNQFn- and Zn2+ in CH3CN (0.1 M Bu4NPF6) as derived from UV-Vis spectroscopy  

 

Experiment Initial 

[TCNQFn-] 

(mM) 

Initial 

[Zn2+] 

(mM) 

[TCNQFn-

]:[Zn2+] 

Produced 

[TCNQF2] 

([TCNQF]) (mM) 

Unreacted 

[TCNQF2-] 

(TCNQF-) (mM) 

1 5.0 1.25 4:1 1.60 (2.02) 2.26 (3.53) 

2 5.0 2.5 2:1 2.33 (2.12) 0.10 (0.12) 

3 5.0 5.0 1:1 2.26 (2.46) 0.07 (0.08) 

 

 

 
Figure 2. Near steady state voltammograms obtained with a gold microelectrode 

(25µm) at a scan rate of 20 mV.s-1 after mixing acetonitrile solutions (0.1 M Bu-

NPF6) of (a) TCNQF- and (b) TCNQF2- and Zn2+ at designated concentration 

Near steady state voltammogram obtained from 5.0 mM TCNQFn- solution in the 

presence of Zn2+ are shown in Figure 2. Upon addition of 1.25 mM Zn2+ into 5.0 mM 

TCNQFn-, the position of zero current no longer lies between the reduction and 

oxidation steps. The position of zero current confirms the concurrent existence of 

TCNQFn- and TCNQFn in the solution. The ratio of TCNQFn-/TCNQFn derived from 

the current magnitudes of the oxidation of reduction steps is 1.5 for TCNQF2 and 

2.0 for TCNQF, which suggests that the equilibrium constant for the reaction of 

TCNQF- and Zn2+ to form ZnTCNQF is larger than that of TCNQF2-.  When the 

concentration ratio of Zn2+ and TCNQFn- was increased to 2:2, almost no TCNQFn- 
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was present with TCNQFn0 neutral being the main soluble species in solution. At a 

concentration ratio of 2:2, along with evidence of TCNQFn0, a current drop was 

observed at more negative potentials which due to the formation of Zn-TCNQFn 

solid on the electrode surface.  

7.1.3.1. Characterization of the solid products of Zn2+-TCNQFn ( n = 1, 2) 

IR and Raman spectra were used to determine the degree of charge transfer in the 

green material precipitated and collected from the reaction. The spectra are shown 

in Figure 3. Bands characterized of ZnTCNQF2 material are present as: 2222, 2120 

cm-1 for the C=N stretch, 1499 cm-1 for ring C=C stretch, 1425 cm-1 for exocyclic 

C=C stretch and 1302 cm-1 for ring C-C and C-F stretches. These absorption bands 

are therefore consistent with TCNQF22- as discussed in Chapter 3. However, 

absorbance in Raman spectrum absorption bands at 2196, 1614 and 1394 cm-1 

resembled those expected for TCNQF2-. Moreover, almost identical spectra were 

obtained by directly mixing TCNQF22- and Zn2+ and the precipitate formed when 

mixing a solution of TCNQF2- and Zn2+ (Figure 4). These spectra closely resemble 

those expected for TCNQF- materials with bands at 2226, 2159, 1513 and 1256 cm-

1. Thus, although there was a significant shift in the stretch at 2138 cm-1, the 

other peaks are close to those expected for TCNQF--based materials. Raman 

spectra showed bands at 2198, 1614 and 1397 cm-1 were also consistent for a Zn-

TCNQF- material. This is the same behavior described for other TCNQF2- based 

materials (see Chapter 5). Again the TCNQF2- solid is not stable enough for 

characterization. Synthesis of ZnTCNQFn was performed inside the glove box and 

could be stored under vacuum. However on exposure to air the colour change to 

bright yellow colour to green and spectra for TCNQFn- are obtained. Again, the 

presence of four fluorine atoms in TCNQF4 significantly enhances the stability of 

the dianion species. 
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Figure 3 (a) IR and (b) Raman spectra for the solid obtained by mixing 5.0 mM Zn2+ 

with 5.0 mM TCNQF2- in acetonitrile 

 

   

Figure 4 (a) IR and (b) Raman spectra for the solid obtained by mixing 5.0 mM Zn2+ 

with 5.0 mM TCNQF- in acetonitrile 

The equilibrium constants for the disproportionation reaction given in equation 1 

for TCNQ and TCNQF4 analogs are very small.6 Similarly small equilibrium 

constants for TCNQF and TCNQF2 are also calculated from the difference in the 

formal potentials for TCNQFn0/- and TCNQFn-/2- processes (537 mV for both 

derivatives) leading to a Keq value of 6.16×10-10 (where Keq =   
  

    
 

       at 220C, and 

E10 and E20 are the reversible formal potentials for TCNQFn0/- and TCNQFn-/2- in 

acetonitrile). Thus, disproportionation is driven by the precipitation of ZnTCNQFn 
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as in equation 3. A similar phenomenon was not observed in the presence of Ni2+ 

or Co2+ which can be attributed to their higher solubilities in acetonitrile. 

Disproportionation of TCNQ- and TCNQF4- in the presence of Zn2+ is not favoured 

when water is present in solution as also applied with TCNQFn (n=1, 2). Figure 5 

provides UV-Vis spectra of solutions containing 5 mM TFn- and 5 mM Zn2+ along 

with added water. Upon addition of H2O, the absorbance at 390 nm for TCNQFn0 

decreased while bands for TCNQFn- increased.  

At the same time, the green solids gradually dissolved and when enough water was 

added, completely disappeared. This suggests that in the presence of water the 

equilibrium position of the reaction in equation lies the left so that 

disproportionation of TCNQFn- no longer is favoured. 

The synthesis of Zn(TCNQ)2.2H2O has been reported chemically and 

electrochemically in aqueous or acetonitrile solution respectively,7,8 where the 

Zn2+ source was Zn(NO3)2.6H2O, however there was no disproportionation 

reported in these scenario. This implies that there was a competition between 

reaction occurs in equation 4 and the formation of Zn(TCNQFn)2.2H2O via equation 

5, in which the formation of Zn(TCNQFn)2.2H2O prevents the disproportionation of 

TCNQFn-. 

Zn2+(MeCN) + 2TCNQFn-(MeCN) + 2H2O(MeCN)  Zn(TCNQFn)2.2H2O(s)  (5) 

 

   
Figure 5 UV-Vis spectra for solutions obtained after mixing 5.0 mM (a) TCNQF2- 

and (b) TCNQF- with 5.0 mM Zn2+ in acetonitrile upon addition designated amount 

added water 
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7.1.4. Conclusion 

An analogous disproportionation of TCNQF- and TCNQF2- was observed in 

acetonitrile in the presence of Zn2+, compared to TCNQ and TCNQF4-. Although no 

kinetics or thermodynamic data has been derived from the study, it confirms the 

influence of Zn2+ on the disproportionation of TCNQFn- across the family. 

7.2. The preparation of [M(DMF)2TCNQF4].2DMF materials 

7.2.1. Introduction 

As noted in previous chapters TCNQF4 is a strong electron acceptor and can be 

reduced through two chemically and electrochemically reversible processes 

TCNQF4 + e  TCNQF4-     (6) 

TCNQF4-+ e  TCNQF42-       (7) 

Results in previous chapters suggest only TCNQF42- and the two electron reduced 

materials are air stable. Thus dianionic TCNQF42- derivatives were all 

characterized.  

Herein, the electrochemistry of TCNQF4 in the presence of Zn2+, Co2+ and Mn2+ in 

the mixed solvent of acetonitrile (MeCN) and dimethylformamide (DMF) is 

investigated to reveal the formation of an insoluble material on the electrode 

surface. These materials were then synthesized by mixing TCNQF42- chemically or 

electrochemically generated with a solution of a metal cation. Crystals were 

obtained using the chemical synthesis approach but not from electrochemical 

synthesis and these complexes were characterized using X-ray diffraction, IR, UV-

Vis and electrochemical methods.  

The single crystal X-ray diffraction (XRD) was obtained for the Zn materials which 

have 2D sheet structures. Their formula is [Zn(DMF)2TCNQF4].2DMF in which two 

DMF molecules are coordinated to the metal ions and the other two act as solvents 

of crystallization within the lattice. In this case both chemical and electrochemical 

methods generated the same material as confirmed by IR and powder XRD 

methods, although the electrochemical approach does not afford highly crystalline 

samples. Moreover, IR spectra contained bands which distinguished between 

coordinated and uncoordinated mode DMF. The IR, UV-Vis and electrochemical 
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data also confirmed the existence of only TCNQF42- when the solids are dissolved in 

DMF solution. Interestingly, these new materials have solvent exchangeability, as 

soaking the DMF derivative in MeCN resulted in solvent exchange. 

7.2.2. Experimental  

7.2.2.1. Chemicals 

Zn(ClO4)2.6H2O (Alfa Aesar), Co(ClO4)2.6H2O (Alrdich), Mn(ClO4)2.6H2O(Aldrich), 

AgNO3 (Aldrich), acetonitrile (MeCN) (HPLC grade), dimethylformamide (DMF) 

was stored over molecular sieves. Acetone, iso-propanol were used as received 

from the manufacturer. TCNQF4 (97% Aldrich) was recrystallized from 

dichloromethane prior to use. Tetrabutylammonium hexafluorophosphate 

(Bu4NPF6) (Wako) was recrystallized twice from 96% ethanol prior to use.  

7.2.2.2. Electrochemistry  

Voltammograms were recorded at room temperature with a Bioanalytical Systems 

(BAS) 100W electrochemical workstation. A standard three-electrode cell was 

employed with glassy carbon (1 and 3 mm diameter) or indium tin oxide (ITO) 

coated glass plated working electrodes. A silver wire in contact with acetonitrile 

containing 1.0 mM AgNO3 and 0.1 M Bu4NPF6 was used as a Ag/Ag+ reference 

electrode. The reversible potential of this electrode is -0.122 V versus 

ferrocene/ferrocenium couple. The counter electrode was a Pt wire (1.0 mm 

diameter). The solutions were purged with nitrogen for 10 minutes before the 

experiments and a stream of nitrogen was maintained on top during the 

experiments.  

Bulk electrolysis experiments employed Pt meshes as working electrode and 

counter electrode.All the electrodes were placed in an H-type three-compartment 

cell. The studied solution was stirred and purged with nitrogen during the course 

of the bulk electrolysis. A potential of 160 mV was applied to a designated 

concentration TCNQF4 solution in acetonitrile (0.1 M Bu4NPF6) to reduce TCNQF4 

to TCNQF4-. Then TCNQF42- was sequentially generated at a potential of -350 mV. 

The bulk electrolysis experiment was stopped when the current decreased to 0.1% 

of the initial value.  
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7.2.2.3. Synthesis of [ZnTCNQF4(DMF)2]·(DMF)2  

A solution of Li2TCNQF4 (43.4mg, 0.15 mmol) in CH3OH (10 ml) was layered over a 

solution of Zn(ClO4)2.6H2O (55.9 mg, 0.15 mmol) in DMF (10 ml). Colourless 

crystals which were suitable for crystallographic studies were formed after one 

day at room temperature (32.5 mg). UV/vis (nm)(CH3CN): 333 (TCNQF42-), 220 

(TCNQF42-). Anal. Calcd. for [ZnTCNQF4(DMF)2]·(DMF)2 [C24H28N8F4O4Zn]: C 

45.47%, H 4.45%, N 17.68%. Found: C 45.24 %, H 4.75 %, N 17.98%. 

7.2.2.4. Crystallography 

Crystal structure data were collected on an Oxford Diffraction Supernova 

diffractometer. The structure was solved using direct methods and refined using a 

full-matrix least-squares procedure, using all data, within the WinGX program 

system. The X-ray powder diffraction (XRD) pattern also was collected using the 

Oxford Diffraction Supernova diffractometer.  

7.2.2.5. Other instrumentation 

UV-Vis spectra were recorded with a Varian Cary 5000 UV-Vis NIR 

spectrophotometer with a 1.0 cm path length cuvette. FTIR spectra were obtained 

with a Perkin Elmer FTIR spectrometer 100 or a Varian UMA600 IR microscope 

and FTS7000 optics bench using 128 scans and a resolution of 8 cm-1. 

7.2.3. Results and discussion 

7.2.3.1. Cyclic Voltammetry of TCNQF4 in the presence of M2+ in the mixed 

MeCN/DMF solvents 

The electrochemical behavior of TCNQF4 in the presence of some transition metal 

cations has been well-investigated in neat MeCN.9-11 However, the introduction of 

DMF into an MeCN solution of TCNQF4 led to some changes in the electrochemical 

response in the presence of Zn2+, Co2+, Mn2+ (M2+) ions.  
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Figure 3. Cyclic voltammograms measured in MeCN and MeCN/DMF (5%) (0.1 M 

Bu4NPF6) with a GC electrode at a scan rate of 50 mV s–1: (a) 1.3 mM TCNQF4, 0.1 M 

M2+; (b) 2.0mM TCNQF4 in the presence of 0.1 M Zn2+, (c) 2.0 mM TCNQF4 with 

designated  Zn2+ concentration 

TCNQF4 was examined initially using a MeCN/DMF mixture with 5% DMF. Under 

these conditions TCNQF4 still undergoes two electrochemically reversible one-

electron reduction processes. Cyclic voltammograms derived from 1.3mM TCNQF4 

in the MeCN-DMF mixed solvent (0.1 M Bu4NPF6) exhibit TCNQF40/TCNQF4- and 

TCNQF4-/ TCNQF42- processes at 253.5 mV and -217.5 mV, respectively. These are 

very similar to that observed if TCNQF4 is dissolved in neat MeCN. Cyclic 

voltammograms of TCNQF4 in a 0.1 M M2+ solution (MeCN/DMF) over the potential 

range where TCNQF4 is reduced (Figure 3a) confirm that M2+ is not electroactive in 

this potential range. Hence, electrochemical experiments on TCNQF40/-/2- can be 

performed without interference from M2+ electrochemistry. 

In the presence of 0.1 M Zn2+, cyclic voltammograms over the potential range of 

600 mV to 50 mV which covers TCNQF40/- process, are unchanged (Figure 3b). This 

implies that Zn2+-TCNQF4- solid does not electrocrystallize under these conditions. 
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However, significant changes are found in extending the potential window to 

values that include the second TCNQF4-/2- process. Cyclic voltammograms obtained 

for the reduction of 2 mM TCNQF4 in the presence of 0.5 mM Zn2+ over a wide 

potential range are illustrated in Figure 3c. When the potential was scanned 

negatively, three reduction processes were observed. In addition to the first two 

processes (Red1 and Red3) associated with the sequential reduction of TCNQF4 to 

TCNQF41- and then to TCNQF42-, a new sharp process present prior to the second 

reduction process at -166 mV (Red2). This peak became dominant while the Red3 

peak almost disappeared upon increasing the concentration of Zn2+ from 0.5 mM 

to 2 mM (Figure 3c). This behaviour is consistent with an EC mechanism, where an 

electrochemical reaction (E step) is coupled with a chemical reaction (C step) as 

shown in equation 5 and 6.12 The consumption of B after the reduction step 

(equation 5) followed by the reaction in equation (6) decreases the concentration 

of B near the electrode surface. This makes reduction easier according to Nersnt 

equation (equation 7) so that reduction can occur at a less negative potential, i.e it 

is easier to reduce TCNQF4- to TCNQF42-. 

A + e B  E step    (5) 

B + C             D  C step    (6) 

Ep = E0 +            
   

         at 230C  (7) 

here, E0 is the formal potential, Ep is peak potential, [A] and [B] are the 

concentrations of the reduced and oxidized forms of the couple, respectively. 

On reversing the scan direction, a third well-resolved oxidation process (Ox2) is 

detected at 214 mV associated with Red2 which has a greater peak current 

magnitude than Ox1 or Ox2. The relationship of Ox2 and Red2 is confirmed below. 

The peak-to-peak separation (ΔEp = |Epox – Epred|) is expected to be 56 mV for a 

reversible diffusional process, but for Red2 and Ox2 are 374 mV at scan rate of 50 

mV.s-1. This indicates that this couple is irreversible. Red2 process is attributed to 

the reduction of TCNQF4- to TCNQF42- accompanied by reaction with Zn2+ to form 

an insoluble material on the electrode surface. And process Ox3 is attributed to the 

oxidation of Zn-TCNQF42- material to TCNQF4- giving rise to a stripping of the 

insoluble material off the electrode surface according to equations 8-10. 
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TCNQF4(MeCN) + e- TCNQF4- (MeCN)   (8) 

TCNQF4- (MeCN) + e- TCNQF42-(MeCN)  (9) 

Zn(DMF)n]2+(MeCN) + TCNQF42-(MeCN) [Zn(DMF)nTCNQF4](s) (10) 

Effect of switching potential 

The coupling of the process Ox2 and Red2 was further supported by varying the 

switching potential. When the potential was switched at a value less negative than 

-110 mV, process Ox2 was not observed on the reverse scan. However, when 

switching potential to more negative value of -115 mV, and hence at the onset of 

Red2, the Ox2 process was detected (Figure 4). Furthermore, a current loop was 

observed. The presence of current loops when the scan direction is reversed at the 

foot of a process is a characteristic feature of a nucleation growth mechanism.13,14 

This observation is consistent with the deposition of Zn-TCNQF4 material on the 

electrode surface. 

 

Figure 4. Cyclic voltammograms obtained at a GC electrode at 50 mV.s-1 in 

MeCN/DMF (5%) (0.1 M Bu4NPF6) solution containing 2 mM TCNQF4 and of 2 mM 

Zn2+ using designated switching potentials. 

Effect of scan rate 

The nucleation-growth mechanism is also supported by the scan rate dependence 

on cyclic voltammograms (Figure 5). The peak potential for Ox1 and Red1 are 

independent of scan rate as expected and IR drop is insignificant. In contrast, Ox3 

and Red3 peak potential show a great increase on scan rates, Epox3 becomes 

slightly more positive when the scan rate increases from 20 to 200 mV.s-1 while 
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the Epred3 becomes 21 mV more negative (-119 mV to -140 mV). Moreover, the 

residue at faster scan rates emerge from of residue at lower scan rate. This is also 

consistent with nucleation-growth mechanism where mathematical modeling 

predicts that the gradients of the current-voltage curves are steeper at low scan 

rates than at high scan rates.13 All data are therefore consistent with insoluble Zn-

TCNQF4 formation. 

 

Figure 5. Cyclic voltammograms obtained at a GC electrode at 50 mV.s-1 in 

MeCN/DMF (5%) (0.1 M Bu4NPF6) solution containing 2 mM TCNQF4 and of 2 mM 

Zn2+ at designated scan rates. 

Concentration effect of Zn2+ and TCNQF4   

The influence of both TCNQF4 and Zn2+ concentration on the cyclic voltammetric 

behaviour was investigated.  

 

Figure 6. Cyclic voltammograms obtained at a GC electrode in MeCN/DMF (5%) 

(0.1 M Bu4NPF6) solution containing 2 mM Zn2+ and designated concentrations of 

TCNQF4 at a scan rate of 50 mV s–1 
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Increasing the Zn2+ concentration from 0.5 mM to 2 mM in the presence of 2 mM of 

TCNQF4 did not lead to a change in the Ox1 and Red1 processes. However, the peak 

potential for the Red3 process shifted positively (Figure 3c) by 36.7 mV. Similar 

behaviour was observed when the concentration of TCNQF4 was varied from 0.5 

mM to 2.0 mM and the concentration of Zn2+ was maintained at 2 mM (Figure 6). 

This potential shift is consistent with an EC mechanism mentioned above. The 

formation of Zn-TCNQF4 material was again supported by results shown in Figure 

7a. In this experiment, the potential was held at -600 mV for known period of 

times before scanning the potential in the positive direction. When the potential is 

held at -600 mV, TCNQF40 is reduced to TCNQF42- which then combined with Zn2+ 

to form an insoluble “film” on the electrode surface which is oxidized when the 

potential is scanned in the positive direction giving rise to oxidation current Ox3. 

Only one phase of Zn-TCNQF4 complex was observed which should be 

thermodynamically stable under the electrochemical conditions. 

 

Figure 7. Cyclic voltammograms obtained at a GC electrode at 50 mV.s-1 in 

MeCN/DMF (5%) (0.1 M Bu4NPF6) solution containing 2 mM TCNQF4 and of 2 mM 

Zn2+ when potential was held at -600 mV for: (a) designated times followed by a 

positive scan of potential, (b) for 5s and scan times followed by a positive scan of 

potential at designated scan rates 

Cyclic voltammetry of TCNQF4- in the presence of Zn2+: 

In neat MeCN solvent, disproportionation occurred upon addition of Zn2+ to a 

TCNQF4- solution leading to the formation of ZnTCNQF4 solid and neutral TCNQF4 

as described earlier and shown in equation15 
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Zn2+(MeCN)  + 2TCNQF4- (MeCN) ZnTCNQF4(s) + TCNQF4(MeCN)   (3) 

However, when a stoichiometric amount of Zn2+ in DMF solution was added to a 

2.0 mM solution of TCNQF4- in MeCN to produce a MeCN/DMF (5%) mixture, no 

precipitate was detected. Moreover, the cyclic voltammograms of a 2.0 mM 

TCNQF4-solution in the presence of 2.0 mM Zn2+ was identical to that for the 

TCNQF4 solution, indicating that the disproportionation is not favoured in 

MeCN/DMF mixed solvent media (Figure 8). Thus, the presence of DMF has a 

significant influence on the chemistry of this system. The formation of strongly 

solvated Zn(DMF)n2+ cation is suggested to hinder disproportionation found in 

neat MeCN. 

 

Figure 8. . Cyclic voltammograms obtained at a GC electrode with a scan rate of 50 

mV.s-1 in MeCN/DMF (5%) (0.1 M Bu4NPF6) solution containing 2 mM TCNQF4- 

and of 2 mM Zn2+  

Importantly, cyclic voltammograms remained consistent upon multiple cycles of 

the potential, indicating that the regeneration of TCNQF40 and Zn2+ is quantitative 

in each cycle. 

Similarly, cyclic voltammetric behaviour was observed in the presence of Co2+ 

(Figure 9,10) and Mn2+ (Figure 11) in a MeCN/DMF solution containing TCNQF4. 

However, a slight difference was observed for the Co2+ - TCNQF4 system. Unlike the 

Zn2+ example, following reduction of TCNQF4- to TCNQF42-, the current stayed 

constant as the potential was scanned more negatively. This is consistent with the 

formation of an insoluble film on the electrode surface that blocks the current flow. 
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A further interesting feature for Co2+ in MeCN/DMF is that there was no evidence 

of a formation of a second phase of Co-TCNQF4 as reported in neat MeCN.9  

 

 

Figure 9. Cyclic voltammograms obtained at a GC electrode with a scan rate of 50 

mV.s-1 in MeCN/DMF (5%) (0.1 M Bu4NPF6) solution containing: (a) 2 mM TCNQF4 

designated Co2+ concentrations; (b) 4 mM Co2+ and designated TCNQF4 

concentrations; (c) 4 mM TCNQF4 and 4 mM Co2+ at designated switching 

potentials; (d) the same conditions as (c) but the potential was held at -600 mV for 

the designated time before the potential was reversed. 
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Figure 10. Cyclic voltammograms obtained at a GC electrode in MeCN/DMF (5%) 

(0.1 M Bu4NPF6) solution containing 4mM Co2+ and 4 mM TCNQF4 at designated 

scan rates  

 

Figure 11. Cyclic voltammograms obtained at a GC electrode with a scan rate of 50 

mV.s-1 in MeCN/DMF (2.5%) (0.1 M Bu4NPF6) solution containing: (a) 2 mM 

TCNQF4 designated Mn2+ concentrations; (b) 2 mM Mn2+ and designated TCNQF4 

concentrations; (c) 2 mM TCNQF4 and 2 mM Mn2+ when the potential was held at -

600 mV for the designated time before being reversed.  
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7.2.3.2. X-ray structural characterization of ZnTCNQF4(DMF)2.2DMF  

Colourless crystal of Zn(DMF)2TCNQF4.2DMF crystallized in the monoclinic space 

group P2/c with unit cell parameters of a = 8.9848(18), b = 11.592(2), c = 

26.181(7) Å, β = 101.22(3)o, V = 2674.68 Å3. Crystal structure is shown in Figure 

12. 

The asymmetric unit includes two halves of two crystallographic distinct TCNQF42- 

moieties which orient differently in the lattice, two coordinate DMF and two 

uncoordinated DMF. Those two different oriented TCNQF42- moieties form two 

different TCNQF42- layers in the crystal lattice. The distance between two adjacent 

TCNQF42- moieties in each layer is too far for any pi-pi stacking interaction.  

The degree of  charge transfer (ρ) on the TCNQF4 moieties in both crystal 

structures have been estimated by the mean bond lengths of TCNQF4 (Table 1) 

using Kistenmacher relationship, ρ = A[c/(b+d)] + B, (A = -46.729 and B = 22.308, 

A, B were determined from neutral TCNQF4 (ρ = 0)16 and TCNQF42- monoanion in 

n-Bu4NTCNQF4 (ρ = -1).17 The calculated ρ values of -2.17 and -2.18 support the 

assignment of TCNQF42-. The structural parameters are closely consistent with 

those for TCNQF42- complexes reported previously. 

 

 

Figure 12. Single crystal X-ray structures; (a) asymmetric unit of 

[ZnTCNQF
4
(DMF)

2
].2DMF, (b) packing diagram viewed along the b-axis  

 

(a) (b) 
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Table 1. Degree of charge transfer (ρ) calculated from mean bond length in 

different complexes 

 

 a/Å b/Å c/Å d/Å e/Å ρ Ref. 

TCNQF40 1.334 1.437 1.372 1.437 1.140 0.00 19 

Zn(DMF)2TCNQF4.2DMF 1.373 1.387 1.462 1.402 1.151 -2.18 This work 

(Bu4N)2TCNQF4 1.377 1.403 1.456 1.406 1.161 -1.92 20 

[(Me5Cp)2Fe]2TCNQF4 1.373 1.398 1.457 1.403 1.154 -2.00 19 

 

7.2.3.3. Bulk electro-generation of the M2+-TCNQF4 material in the 

MeCN/DMF mixture 

TCNQF42- was generated by exhaustive reductive electrolysis in MeCN (0.1 M 

Bu4NPF6) solution as described in section 3.1.2. A solution with a stoichiometric 

amount of M2+ was prepared separately in an appropriate volume of DMF. The two 

solutions were then mixed together resulting in a white precipitate in the case of 

Zn2+ or an orange precipitate when Co2+ is present. In the case of Mn2+, a pale green 

precipitate formed after stirring for 5 minutes. All the solutions were stirred for 10 

minutes before the precipitates were collected by centrifugation. The products 

were then washed with MeCN-DMF (5%) mixture three times to remove 

electrolyte and then dried under vacuum for further characterization. Attempts to 

generate single crystals rather than powders via electrochemical method were 

unsuccessful.  

The IR spectra for the ZnTCNQF4 solid are shown in Figure 13. Both chemically and 

electrochemically generated materials exhibit identical IR bands showing the 

presence of free and coordinated-DMF at 1688 and 1647 cm-1, respectively.18 The 
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IR spectra also show the existence of TCNQF42- via the characteristic C N 

stretching vibration bands of the dianion at 2142, 2164 and 2211 cm-1.19 

 

Figure 13. IR spectra of (black) chemically generated and (red) electrochemically 

generated [ZnTCNQF4(DMF)2].2DMF, (a) full spectra, (b) close up to 1600 to 2400 

cm-1 range 

Furthermore, the X-Ray diffraction powder spectrum of materials synthesized by 

the electrochemical method was identical to that prepared using chemically, 

except that materials in former case were not as crystalline as evident by broader 

diffraction peaks (Figure 14). 

 

Figure 14. XRD spectrum of chemically synthesized (black) and electrochemically 

synthesized [Zn(DMF)2TCNQF4].2DMF 

Solution phase characterization of the new complexes was undertaken in neat 

DMF. UV-Vis spectra and steady state electrochemical methods both confirmed the 
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existence of the dianion TCNQF42- (Figure 15). The band at 333 nm in the UV-Vis 

spectrum in DMF is characteristic of the dianion TCNQF42-.20 Furthermore, steady 

state voltammogram of these dissolved materials in DMF (0.1M TBAPF6) exhibits 

two oxidation processes of TCNQF42-.  

Figure 15. UV-Vis spectrum (a) and steady state voltammogram (b) of 

[M(DMF)2TCNQF4].2DMF dissolved in DMF  (0.1M TBAPF6) 

[M(DMF)2TCNQF4].2DMF complexes is able to exchange solvent. The IR spectra 

shown in Figure 16 illustrate the change in the IR bands when that occurs 

[Zn(DMF)2TCNQF4].2DMF complex is soaked in MeCN. 

 

Figure 16. IR spectra of electrochemically generated [Zn(DMF)2TCNQF4].2DMF 

before (red) and after (black) soaked in MeCN, (a) full range spectrum, (b) close up 

to 1500 to 2600 cm-1 range. 

The IR spectrum of the [Zn(DMF)2TCNQF4].2DMF solid obtained after soaking in 

neat MeCN showed the disappearance of free DMF band at 1686 cm-1; meanwhile, 

(a) 

(a) 

(a) (b) 
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the strong C=O band for coordinated DMF at 1646 cm-1 is retained. This implies 

that the coordinated DMF – metal bond is sufficiently strong to be maintained in 

neat MeCN.  

7.2.4. Conclusion 

The addition of DMF into conventional MeCN solvent for electrochemical 

experiment of TCNQFn has a significant effect on the electrochemistry of TCNQF4 in 

the presence of Zn2+. The disproportionation of TCNQF4- was not observed in the 

presence of 5% (w/w) of DMF. The formation of TCNQF42--based materials with 

Zn2+, Co2+, Mn2+ were detected in voltammetric time scale in this mixed solvent. 

Interestingly, although [Zn(DMF)2TCNQF4].2DMF single crystal can not be 

obtained electrochemically, chemical approach produces good quality single 

crystal. The powder X-Ray diffraction pattern shows good agreement between the 

structures of these two materials. IR data also confirms this similar structure. An 

interesting property of [Zn(DMF)2TCNQF4].2DMF is the solvent exchangability. IR 

spectrum reveals the disappearance of uncoordinated DMF band at 1686 cm-1 after 

the crystal being soaked in MeOH.  
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Conclusions and future work 

Fluourinated derivatives of TCNQ have already been identified as having 

enormous potential for electronic devices and material applications. In particular 

the tetrafluorinated TCNQF4 has a rich chemistry of the dianion, not previously 

observed in TCNQ. This thesis focuses on the redox and synthetic chemistry of two 

derivatives which are TCNQF and TCNQF2. The use of electrochemistry as the 

primary method of exploration along with synthesis and spectroscopic and 

structural characterization, studies on TCNQF and TCNQF2 have been described. 

The effect of fluorine substituents on the electrochemistry, acid-base properties 

and overall stability of complexes among the four derivative of TCNQFn (n = 0-2, 4) 

was examined. In acetonitrile, TCNQFn (n = 1, 2) undergo two one-electron 

reversible reduction processes as found in the other TCNQFn (n = 0, 4) derivatives. 

However, the reversible potentials are highly dependent on the number of fluorine 

substituents, shifting to more positive potential as the number of F increases. 

Electrochemistry of TCNQF and TCNQF2 in the presence of several transition 

cations was investigated for M = Co, Ni, Cu, Zn. These studies revealed some 

differences from similar complexes of TCNQ and TCNQF4. Although the formation 

of both mono- and dianionic TCNQFn solids was detected on the voltammetric time 

scale, the monoanion-based materials are considerably more stable than the 

dianionic complexes. The dianion-based materials readily decomposed in the air as 

evidence by visual inspection and/or spectroscopic data. The studies in this thesis 

cover four general topics areas as described below.  

8.1. Investigation of the redox and acid-base properties of TCNQF and 

TCNQF2 – Electrochemistry, vibrational spectroscopy and substituent effects 

The redox and acid-base properties of TCNQF, TCNQF2 and their mono- and 

dianions have been studied in comparison with the parent TCNQ and fully 

fluorinated TCNQF4. Electrochemically, both fluorinated TCNQFn (n = 1, 2) 

derivatives undergo two well-resolved one-electron reversible reductions steps in 

acetonitrile. The reversible potentials of two redox processes are in the order 

                             which are in good agreement with 

substituent effect of increasing the fluorines on TCNQ. The E0 are also in good 
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linear relationship with the sum of Hammett constant of fluorine substituent in 

each derivatives implying a greater substituent effect on the redox properties 

across TCNQFn family (n = 0, 1, 2, 4). The substituent effect was also found to affect 

the basicity as well as the stability of the anions, especially dianions in the 

presence of TFA. The dianions TCNQFn2- are readily protonated in TFA in a two 

step process to form HTCNQFn- and H2TCNQFn. The use of simulations allowed 

quantitative determination of both thermodynamic and kinetic parameters of the 

protonation reaction using cyclic voltammetric data. The equilibrium constants for 

the protonation of TCNQFn2- as shown in equation 1 were found to be 2.0×107, and 

8.0×105 for TCNQF2- and TCNQF22-, respectively, compared with 1.0×108 and 

3.0×103 for TCNQ2- and TCNQF42-, respectively. These results support the 

substituent effect of fluorine on the stability and basicity of the dianions of 

TCNQFn.   

TCNQFn2- + HA  HTCNQFn- + A-  (1) 

The calculated vibrational spectroscopy of TCNQF and TCNQF2 and their anions 

generated from DFT calculations were also discussed giving a useful spectroscopic 

reference for further characterization of TCNQF and TCNQF2-based materials.  

8.2. Electrochemistry of TCNQF and TCNQF2 in acetonitrile in the presence 

of [Cu(MeCN)4]+ - The formation of Cu-TCNQFn- materials and a comparative 

study on the catalytic activity of TCNQFn derivatives 

Cyclic voltammetry of TCNQFn in the presence of [Cu(MeCN)4]+ was investigated 

for both reduction processes, TCNQFn0/-/2-, without any interference from each 

other possible by varying the concentration of TCNQFn and [Cu(MeCN)4]+. The 

formation of materials based on the mono anionic TCNQFn- were detected on the 

voltammetric time scale using higher concentrations of TCNQFn and [Cu(MeCN)4]+ 

compared with that required for the formation of TCNQFn2--based products.  The 

existence of different crystalline phases was observed and characterized by 

varying scan rates in the voltammetry of both the TCNQFn- and TCNQFn2--based 

materials. Although good quality single crystals could not be synthesized, the X-

Ray powder diffraction pattern of CuTCNQF2 closely resembles that of the CuTCNQ 

phase II material with a monoclinic unit cell. Interestingly, the conductivity of 
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CuTCNQF2, which was determined using a CuTCNQF2 film on a FTO coated glass, is 

in semiconducting range and close to that of CuTCNQ phase II. Variable structural 

and spectroscopic characterization methods have been used to characterize solid 

CuTCNQFn confirming the presence of TCNQFn- moieties in the compound. SEM 

imaging confirmed the presence of different morphologies that were observed in 

the voltammetric experiments. 

Voltammetry was also able to detect the formation of two morphologies for 

TCNQFn2-- based solids and synthesize these electrochemically. However these 

were not stable upon exposure to the air as demonstrated by IR and Raman 

spectra.  

The catalytic activity of a CuTCNQFn layer on a piece of copper foil was 

investigated and compared with that of CuTCNQ and CuTCNQF4. It is interesting 

that for Fe3+/S2O82- redox reaction the catalytic activity on of CuTCNQF2 was close 

to CuTCNQF4, however the mono fluorine substituent CuTCNQF did not exhibit 

significant catalytic activity of. The reaction rate with the present of CuTCNQF is 

almost as slow as observed CuTCNQ phase II which was unexpected. These results 

suggest that although a substituent effect exists in the catalytic activity for these 

catalyst, it is not the only factor contributing to the properties of CuTCNQFn 

materials. 

8.3. Electrochemical synthesis of M(TCNQFn)2 and MTCNQFn (M=Ni, Co): 

Voltammetric, spectroscopic and microscopic evidence 

The electrochemistry of TCNQFn in the presence of Ni2+ and Co2+ has been 

described for both the TCNQFn0/- and TCNQFn-/2- reduction processes. The 

formation of M(TCNQFn)2.xH2O was probed using cyclic voltammetric experiments 

using a a wide range of metal and TCNQFn concentrations. The voltammetric data 

supported the formation of TCNQFn--based materials with divalent metal cations at 

high concentration of both TCNQFn and M2+ in the solution, typically more than 8.0 

mM of each reactant. Furthermore, this finding enabled a new understanding and 

re-interpretation of the previously reported voltammetric data for TCNQ to be 

gained. Unfortunately, it was not possible to obtain a challenge generating single 

crystal of these materials for structural analysis. However, SEM imaging assisted 
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visualization of the morphology of M(TCNQFn)2 material. Several morphologies 

were observed on the ITO electrode surface depending on the electrolysis 

potential and time of deposition. Also, MTCNQFn materials could be synthesized 

electrochemically. However, once again, they decompose in aerobic conditions to 

form TCNQFn-.  

8.4. Disportionation of TCNQFn- in the presence of Zn2+ - The preparation 

of [M(DMF)2TCNQF4].2DMF materials 

Similar to the chemistry of TCNQ and TCNQF4-, an analogous disproportionation of 

TCNQF- and TCNQF2- was observed in acetonitrile in the presence of Zn2+. Although 

no kinetics or thermodynamic data has been derived from this study, it confirmed 

the influence of Zn2+ on the disproportionation of TCNQFn- was a general reactivity 

across the family.  

The inclusion of DMF into the conventional choice of MeCN solvent for 

electrochemical experiment of TCNQFn was found to have a significant effect on 

the electrochemistry of TCNQF4 in the presence of Zn2+. The disproportionation of 

TCNQF4- was no longer observed in the presence of 5% (w/w) of DMF. However, 

the formation of new TCNQF42--based materials with Zn2+, Co2+, Mn2+ were 

detected on voltammetric time scale in this mixed solvent system. The powder X-

Ray diffraction patterns showed high agreement between single crystals 

synthesized chemically and the bulk materials synthesized electrochemically. An 

interesting property of [Zn(DMF)2TCNQF4].2DMF is that the solvent was 

exchangeable using IR spectral analysis to reveal the disappearance of 

uncoordinated DMF band at 1686 cm-1 following treatment of the crystal with 

MeOH.  

To summarize, it has been shown in this thesis that  

i) The substituent effect of fluorine on TCNQ derivatives has a significant 

influence on the redox chemistry of TCNQFn where the redox potentials 

increase in an order that matches the addition of fluorine atoms on the 

TCNQ. The presence of more fluorine atoms also enhances the stability 

of the dianions as well as disfavours the disproportionation of the 

monoanions. 
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ii) Vibrational spectra for TCNQF, TCNQF2 and their anions have been 

reported providing a diagnostic tool for the characterization of their 

complexes and derivatives. 

iii) Electrochemistry of TCNQF and TCNQF2 in the presence of both 

monodivalent (Cu+) and divalent (Ni2+, Co2+) metal cations has been 

investigated. Some differences in the redox properties compared to 

those of TCNQ and TCNQF4 has been reported. 

iv) TCNQF and TCNQF2-based materials have been synthesized 

electrochemically and chemically and fully characterized. The results 

show that TCNQFn--based materials are stable as found for TCNQ and 

TCNQF4 derivatives, the presence of one and two fluorine substituents 

does not enhance the stability of TCNQFn2- complexes. TCNQF42- has 

been the only derivatives that can form stable complexes in the air. 

8.5.   Future work 

Electrochemical synthesis has been a valuable method to prepare a number of new 

TCNQF and TCNQF2 materials. However, it didn’t prove possible to grow single 

crystals that are suitable for X-ray crystallography using electrochemical method. 

In future the chemical method could be investigated further. For example, lithium 

precursors of TCNQF and TCNQF2, such as LiTCNQFn or Li(TCNQFn)2 could be used 

as starting materials to grow single crystals.  

Conductivity of CuTCNQFn materials is a potentially interesting subject for 

future studies. For example, in this thesis, a sample of bulk synthesized CuTCNQF2 
material had a similar conductivity to that of CuTCNQ phase II. However, SEM 

imaging revealed two morphologies. Thus it would be intriguing to explore both 

morphologies independently to establish whether they have different 

conductivities.  

Investigation of the remaining substituted TCNQF3 and the other  two 

isomers of TCNQF2 (2,3- and 2,6-difluoro-TCNQ) would be insightful and could 

provide further understanding on the influence of the fluoro substitution pattern 

on the chemical and electrochemical properties of TCNQFn.  

 



 

 165 

Appendix 
Table 1. Frequencies for IR Bands Associated with the   , ν (C=C) ring 

and exocyclic Stretches and mixed G�C-F,C-C) mode in TCNQFn-Based Materials 

(n=1,2) 

 

Compound TCNQF2 

charge (cm-1) 

 

Ring ν (C=C) 

(cm-1) 

Exocyclic    

 ν (C=C) 

(cm-1) 

G�C-F,C-C) 

(cm-1) 

TCNF2 0 2227 1574 1548 1392 

CuTCNQF2 -1 2214, 2182 1515 1477 1339 

Ni(TCNQF2)2 -1 2183 1512 1477 1354 

Co(TCNQF2)2 -1 2217 1512 1476 1347 

TCNQF 0 2221 1582 1557 1393 

CuTCNQF -1 2205, 2138 1513 1504 1350 

Co(TCNQF)2 -1 2212, 2190 1510 1493 1353 

Ni(TCNQF)2 -1 2221, 2178 1511 1492 1354 

 

Table 2. Frequencies for Raman Bands Associated with the   , ν (C=C) 

ring and exocyclic Stretches and mixed G�C-F,C-C) mode in TCNQFn-Based 

Materials (n=1,2) 

Compound TCNQF2 

charge (cm-1) 

 

Ring ν (C=C) 

(cm-1) 

Exocyclic ν (C=C) 

(cm-1) 

TCNF2 0 2230 1633 1453 

CuTCNQF2 -1 2219 1618 1401 

Ni(TCNQF2)2 -1 2232 1623 1406 

Co(TCNQF2)2 -1 2232 1623 1406 

TCNQF 0 2230 1652 1477 

CuTCNQF -1 2221 1612 1395 

Co(TCNQF)2 -1 2232 1613 1399 

Ni(TCNQF)2 -1 2232 1613 1399 
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Table 3. Solubility of TCNQFn-based materials 

Compound Solubility product in the 

presence of 0.1 M TBAPF6 

Solubility product in the 

absence of 0.1 M TBAPF6 

CuTCNQF2 8.19±1.02×10-9 M2  2.75±0.21×10-9 M2 

Ni(TCNQF2)2 6.65 × 10-10 M3 1.09 × 10-11 M3 

Co(TCNQF2)2 1.14 × 10-10 M3 3.51× 10-12 M3 

Ni(TCNQF)2 2.65 × 10-10 M3 5.54 × 10-12 M3 

Co(TCNQF)2 1.14 × 10-10 M3 3.37 × 10-11 M3  

 

 

  




