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Abstract: Electrodes prepared as compacted pellets from conductive donor-acceptor complexes of tetracyanoquinodimethane 
(TCNQ) with several donors (D) (tetrathiotetracene, acridine, quinoline, N-methylphenazine, 2,2'- and 4,4'-bipyridine) were 
investigated in aqueous solutions. The results were compared to those of a previous investigation of TTF-TCNQ pellets (TTF 
= tetrathiafulvalene) and to results on single crystals of TTF-TCNQ reported here. The electrodes are stable over a potential 
region in which they could be employed as inert electrodes. The potential limits depended upon the stabilization gained upon 
complexation and the relative electrode potentials of the constituent compounds. Upon exceeding the potential limits of stability 
of the electrode, the electrode was reduced or oxidized. Subsequent voltammograms showed peaks attributable to insoluble 
compounds formed on the electrode surface. The potentials observed for the redox processes could be correlated to the degree 
of charge transfer, p, as well as gas-phase ionization potentials and electron affinities. 

Introduction 
Hundreds of different molecular complexes containing tetra- 

cyancquincdimethane (TCNQ) as the acceptor have been made.14 
TCNQ is a very good electron acceptor; because of the presence 
of the four cyano groups on the molecule and the relatively large 
a conjugation system, reduction to the radical anion occurs very 
easily. As a result, TCNQ forms stable solid complexes with a 
wide variety of electron-donating compounds. Because of their 
special structural features, some of these complexes exhibit the 
highest conductivity observed for organic compounds. The 
structure of the donor, the stoichiometry, and the electrical 
conductivity for some of these highly conducting donor-TCNQ 
complexes are shown in Figure 1. Donor-acceptor complexes 
of intermediate 
conductivity also exist. T C N Q  forms three types of complexes 
with donor mo1ecules.l The first can be generally characterized 
as a molecular complexes with relatively low electrical conduc- 
tivities. The second group includes the simple radical ion salts, 
M"+TCNQ--,, where Mnf can be either a metal cation or an 
organic cation. The third type includes the complex (1:2) radical 
ion salts, M+(TCNQ--)(TCNQO). In these complexes the electron 
is generally considered to be delocalized over both of the TCNQ 
molecules. 

Although the properties and synthesis of these materials have 
been investigated quite extensively, few reports on the application 

(1) Melby, L. R.; Harder, R. J.; Hertler, W. R.; Mahler, W.; Benson, R. 

(2) Garito, A. F.; Heeger, A. J.  Acc. Chem. Res. 1974, 7 ,  232, and ref- 

(3) Perlstein, J. H. Angew. Chem., Inr. Ed. Engl. 1977, 16, 519, and 

(4) Wheland, R. C.; Gillson, J .  L. J .  Am.  Chem. Soc. 1976, 98, 3916. 

n-' cm-' ) and very low Q-] cm-I ) 

E.; Mochel, W. E. J .  Am.  Chem. SOC. 1962, 84, 3374. 

erences cited therein. 

references cited therein. 

of such donor-acceptor complexes have appeared. We recently 
discussed the behavior of sintered pellets of TTF-TCNQ as 
 electrode^.^,^ These were shown to have a stable region where 
they behaved as inert electrodes capable of carrying out elec- 
trochemical reactions of dissolved solution species without oxi- 
dation or reduction of the electrode material itself. Outside of 
this region different reactions of the electrode occurred that de- 
pended upon the nature of the supporting electrolyte in the so- 
lution. In this paper these studies are extended to single-crystal 
TTF-TCNQ and a number of other donor-TCNQ complexes. 
Such studies are of interest because they provide information about 
the redox behavior, stabilization energies, and degree of charge 
transfer in these complexes. These materials are of potential 
interest as electrodes for electroanalytical studies or in electro- 
chemical cells and may have application to electrochromic devices. 

Experimental Section 
Preparation of Complexes and Electrodes. In  general most of the 

complexes cannot be recrystallized without some degradation. Thus they 
were synthesized with materials of the highest purity. TCNQ and the 
donor molecules were generally sublimed several times and then re- 
crystallized from a spectroscopic grade solvent (benzene, MeCN). The 
inorganic salts were similarly recrystallized before they were used in a 
synthesis. All solvents were spectroscopic grade and the water was triply 
distilled starting with alkaline potassium permanganate. 

TCNQ forms several different types of compounds. They can be 
simple 1:l complexes, represented by the formula D"+(TCNQ-),, or 
complex salts represented by the formula D"+(TCNQ-),(TCNQo).117 In 
both cases complete and incomplete charge transfer from the donor to 

( 5 )  Jaeger, C. D.; Bard, A. J. J .  Am.  Chem. Soc. 1979, 101, 1690. 
(6) Wallace, W. L; Jaeger, C. D.; Bard, A. J.  J .  Am.  Chem. Soc. 1979, 

(7) Torrance, J. B. Ann. N.Y .  Acad. Sci. 1978, 313, 210. 
101, 4840. 
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mately 20 min. It was filtered, washed with water and ether, and then 
dried. A new series of complexes have recently been synthesized based 
on NMP, TCNQ, and phenazine (Phen), (NMP)APhen),-ATCNQ) 
(1.0 t X t 0.5).'8J9 The N M P  molecules can be replaced by Phen up 
to 50% in the TCNQ complex. Two such complexes (X = 0.85 and 0.63) 
were synthesized. They were prepared by combining hot MeCN solutions 
containing TCNQO, Pheno, Li'TCNQ-, and NMPtPF6- in the appro- 
priate mole ratios.I8 Dark crystals formed after about 2 h. They were 
then filtered, washed with MeCN and ether, and dried. The Phen was 
purchased from Aldrich and the NMP'PF6- was prepared by mixing 
aqueous solutions of phenazine methosulfate and sodium hexafluoro- 
phosphate. 

A 1:2 TCNQ complex was formed with acridine (Ad). Two methods 
were used to prepare this complex. In the first stoichiometric amounts 
of acridine hydrochloride (purchased from Aldrich), LiTCNQ, and LiI 
were mixed in aqueous solutions.20 This method proved generally un- 
acceptable because of the coprecipitation of some unknown substance as 
well as the presence of 12/1- in the solution. The preferred method 
involved the reaction of acridine (Ad) (purchased from Aldrich), 
H,TCNQ, and TCNQ in hot MeCN. A dark, fibrous precipitate formed 
as the solution cooled. It was filtered, washed with MeCN and then 
ether, and dried overnight. The H2TCNQ was prepared by adding excess 
thiophenol to a glacial acetic acid solution of TCNQ.2' The HzTCNQ 
formed was a white, crystalline powder. 

Quinoline (Qn) (refined, Matheson Coleman and Bell), H2TCNQ, 
and TCNQ were mixed in stoichiometric quantities, using hot MeCN, 
to form a 1:2 complex.' This complex immediately formed as a dark 
precipitate. It was filtered, washed with MeCN and ether, and then 
dried. 

By the same method as above, 2,2'-bipyridine (purchased from G.  
Frederick Smith Chemical) or 4,4'-bipyridyl dihydrate (purchased from 
Aldrich), H2TCNQ, and TCNQ were combined to form a 1:2 complex.' 
A number of bipyridinium complexes could be formed, particularly de- 
rivatives of 4,4'-bipyridinium. These complexes were prepared by re- 
acting solutions of the dication bromide or chloride salts of bipyridine 
with stoichiometric amounts of TCNQ and LiTCNQ.22 

The preparation of the metal complexes and several other complex 
salts followed previous methods.' Generally, the preparations were 
carried out by combining the donor and TCNQ directly or by metathesis 
of the cation source with LiTCNQ. In addition to the materials discussed 
above, single crystals of a TCNQ complex with trimethylammonium 
iodide [ (NMe,H)(I)TCNQ and (NMe3D)(I)TCNQ] were provided by 
A. J. Epstein and J. S. Miller.23*24 

The donor-TCNQ complexes were fabricated into flat disks 0.5-1.0 
mm thick, by pressing the microcrystalline powder in a IO-mm diameter 
die a t  a pressure of 2500-3000 psi. The disks thus formed had a mir- 
ror-like appearance. The resistance of the electrode was determined by 
forming a contact on both sides of the disk as described below. Contacts 
were made to the disks by connecting a copper wire to one side with 
conducting silver epoxy (Allied Products Corp., New Haven, Conn.). An 
ohmic contact was confirmed by making a second contact to the other 
side of the selected disks. In all cases the contact resistance was small 
and the current was directly proportional to the applied voltage. The 
back and sides of the electrode and the attached wire were sealed with 
nonconducting 5-min epoxy cement (Devcon Corp., Danvers, Mass.). 
The disks were then mounted on a glass tube and sealed to the glass with 
silicone adhesive (Dow Corning, Midland, Mich.), leaving exposed a flat, 
shiny portion of the surface with electrode areas typically 0.1-0.2 cm2. 
Larger single crystals of TTF-TCNQ were formed by alllowing MeCN 
solutions of the neutral species to diffuse together over a period of several 
weeks at  a temperature of about 30 OC. Several other single crystals of 
TTF-TCNQ were also provided by F. Wudl. These single crystals were 
fairly long, narrow, and flat needles (4 X 1 X 0.1 mm). Contacts were 
made to one of the flat sides in the same manner as for the pressed disks. 
Thin films of TTF-TCNQ were formed on conducting Sn02 glass by 
vacuum deposition techniques. Electrical contact was made to the Sn02 
conducting glass. 
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Figure 1. Structures of components of conducting donor-TCNQ com- 
plexes ( u  data from ref 3). 

the TCNQ can occur. The synthesis of these compounds involved three 
general methods: (1) direct reaction of the donor and TCNQ, (2) re- 
action of the donor with H2TCNQ and TCNQ, and (3) metathesis of the 
donor and TCNQ salts. 

The TTF-TCNQ complex was formed by mixing equimolar (-0.1 
M) hot anhydrous MeCN solutions of neutral TCNQ and TTF. The 
black complex immediately precipitated as a microcrystalline powder. 
These crystals were washed with cold MeCN then diethyl ether and 
finally dried under vacuum. The TTF was synthesized by the procedure 
of Melby et aL8 Other T T F  samples were purchased from Aldrich 
Chemical Co. (Milwaukee, Wis.), as was the TCNQ. 

Tetrathiotetracene (TTT) can form both 1:l and 1:2 complexes with 
TCNQ.*12 The 1:l complex was prepared by the complexation of TTT 
acetate" and LiTCNQI in methanol. The 1:2 complex was prepared by 
mixing hot nitrobenzene solutions containing stoichiometric quantities of 
TTT and TCNQ.4*9 In both cases, the precipitated salts formed imme- 
diately. The powders were filtered and washed with solvent used in the 
synthesis and then with ether. They were dried in a vacuum desiccator 
for 24 h. The TTT was synthesized by Marschalk's m e t h ~ d . ' ~ J ~  

N-Methylphenazinium (NMP) forms a 1:l complex with TCNQ.16*17 
This complex was prepared by mixing equimolar aqueous solutions of 
NMP' (as phenazine methosulfate, purchased from Aldrich) and 
TCNQ- (as LiTCNQ). The black precipitate formed after approxi- 

(8) Melby, L.; Haszler, H.; Sheppard, W. J .  Org. Chem. 1974, 39, 2456. 
(9) Delhaes, P.; Flandrois, S.; Keryer, G.; Dupuis, P. Mater. Res. Bull .  

1975, 10, 825. 
(10) Aleksanchov, V. V.; Aleksandrov, S. 9.; Balode, D. R.; Belkind, A. 

I.; Murashov, A. A,; Khidekel', M .  L.; Yagubskii, E. 9. Dokl. Akad. Nauk 
SSSR 1977, 232, 825. 

(1 1 )  y, L. I; Eremenko, 0. N.; Lyubovskii, R. 9.; Rosenberg, L. P.; 
Khidekel , M. L.; Shibaeva, R. P.; Shchegolev, I .  F.; Yagubskii, E. 9. JETP 
Lett. 1974, 20, 208. 

(12) Perlstein, J. H.; Ferraris, J. P.; Walatka, V. V.;  Cowan, D. 0.; 
Candela, G. A. AIP Con/. Proc. 1972, No. 10, 1494. 

(13) Matsunaga, C. J .  Chem. Phys. 1965, 42, 2248. 
(14) Marschalk, C.; Stumm, C. Bull Sot. Chim. Fr. 1948, 418. 
(15) Yoshida, K. J .  Am.  Chem. SOC. 1976, 98, 252. 
(16) Kabayashi, H. Bull. Chem. SOC. Jpn. 1975, 48, 1373. 
(17) Melby, L. R. Can. J .  Chem. 1965, 43, 1448. 

(18) Miller, J. S.; Epstein, A. J. J .  Am.  Chem. SOC. 1978, 100, 1639. 
(19) Epstein, A. J.; Conwell, E. M.; Miller, J. S. Ann. N .Y .  Acad. Sci. 

(20) Kabayashi, H. Bull. Chem. SOC. Jpn. 1974, 47, 1346. 
(21) Aker, D. S.; Hertler, W. R. J .  Am.  Chem. SOC. 1962, 84, 3370. 
(22) Eley, D. D.; Ashwell, G. J.; Wallwork, S. C.; Willis, M. R.; Wood- 

ward, J. Ann. N .Y .  Acad. Sci. 1978, 313, 417, and references cited therein. 
(23) Dupuis, P.; Flandrois, S.; Delhaes, P.; Coulon, C. J .  Chem. SOC., 

Chem. Commun. 1978, 331. 
(24) Abkowitz, M. A,; Brill, J. W.; Chaikin, P. M.; Epstein, A. J. ;  Froix, 

M. F.; Griffiths, C. H.; Gunning, W.; Heeger, A. J. ;  Little, W. A,; Miller, 
J. S.; Novatny, M.; Tanner, D. 9.; Slade, M. L. Ann. N . Y .  Acad. Sci. 1978, 
313, 459. 

1978, 313, 183. 
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Figure 2. Cyclic voltammogram of a TTF-TCNQ (single crystal) elec- 
trode, 1 M KCI: (a) -, stable potential region and oxidation of lattice; 
(b) - - -, peaks on reversal scans resulting from the oxidation of the 
electrode. 

The electrochemical apparatus and experimental procedures were the 
same as those previously de~c r ibed .~  

Results 
Tetrathiafulvalene (TTF)-TCNQ. Previous investigations of 

TTF-TCNQ electrodes have involved compressed disks.5 For 
comparative purposes several studies of single-crystal and thin-film 
TTF-TCNQ electrodes were carried out. There were no sig- 
nificant differences between compressed-disk, single-crystal, and 
thin-film electrodes of TTF-TCNQ. The single-crystal electrodes 
sometimes showed somewhat larger background current densities 
in the stable region (Figure 2), which probably resulted from 
difficulties in making good electrical contact to the crystal. As 
with compressed pellet electrodes, when the potential scan was 
made to potentials beyond 0.6 V vs. SCE, lattice oxidation oc- 
curred. This resulted in a layer of TCNQO being formed on the 
electrode s u r f a ~ e . ~  Peaks for the reduction and oxidation of this 
substance appeared on subsequent scans (Figure 2, curve b). For 
the compressed-disk electrodes, the integrated peak areas depended 
upon the extent of lattice oxidation and reduction and corresponded 
to quantities of electricity of 20 to over 100 mC/cm2 projected 
area (as opposed to the -40 pC/cm2 expected for a monolayer 
process). This was attributed to multilayer decomposition of the 
TTF-TCNQ lattice with replacement of TTF' by K', although 
it was possible that the results could be caused by porosity of the 
sintered electrode material and surface ro~ghness .~ However, the 
studies with single-crystal TTF-TCNQ electrodes clearly dem- 
onstrate that the number of coulombs consumed during the various 
faradaic processes represent multilayer (Le., > 100 monolayers) 
oxidation and reduction. A TTF-TCNQ single crystal electrode 
( A  = 0.05 cm2) in 1 M potassium acetate consumed 2.9 mC during 
lattice oxidation. Subsequent scans involving the TCNQo/ 
K'TCNQ- couple still consumed - 1 mC. Thus the multilayer 
redox processes and ion replacement mechanism previously pro- 
posed appear valid. 

The results for the donor-TCNQ complexes presented in the 
following sections employ compressed-disk electrodes. So that 
these results can be compared more easily to those found for the 
TTF-TCNQ electrode, a cyclic voltammogram of a TTF-TCNQ 
electrode in 1 M KBr is presented (Figure 3) .5  In this case, the 
salts formed on the electrode surface ( e g ,  M'TCNQ- or TTPX-)  
following lattice oxidation or reduction are insoluble. Such peaks, 
which can be attributed to the TCNQo/MfTCNQ- couple, can 
be observed for all donor-TCNQ electrodes. 

Tetrathiotetracene (TIT)-TCNQ,. Tetrathiotetracene (TTT), 
like TTF, is a good donor with halogens and related compounds, 
and forms highly conducting compounds with these acceptors, 
TTTX,,2S,26 and also conducting 1:l and 1:2 complexes with 

(25) Kamaras, K.; Ritvay-Emandity, K.; Mihaly, G.; Gruner, G.  Solid 
State Commun. 1911, 24, 93. 

1OOpA 
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Figure 3. Cyclic voltammogram of the TTF-TCNQ electrode in 1 M 
potassium bromide: (a) initial negative scan with reduction of the 
electrode surface and resultant peaks on reversal; (b) initial positive scan 
with oxidation of the electrode surface and resultant peaks on reversal; 
(c) after the electrode surface has been oxidized and reduced. Scan rate, 
5 mV/s. A and D represent TCNQ and TTF, respectively. Insoluble 
or slightly soluble species are underlined. Scans start at potential marked 
by X. 
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Figure 4. (a) Stable potential region for TTT-TCNQ and TTT-TCNQ2 
electrodes in a HAc/KAc buffer solution (pH 6.9), 10 mV/s scan rate. 
(b) Cyclic voltammogram of 10 mM K,Fe(CN),/K,Fe(CN)6 in 
HAc/KAc (pH 6.9) solution, I O  mV/s scan rate. ( I )  Pt electrode, (2) 
TTT-TCNQ electrode, (3)  TTT-TCNQ2 electrode. 
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that TCNQ0,94- would be more easily oxidized than TCNQ0.59- 
(as found in the TTF-TCNQ complex). Indeed, as shown in 
Figure 6a, the anodic current for lattice oxidation begins at about 
+0.2 V vs. SCE (compared to -0.5 V for the TTF salt). Again 
TCNQO is formed on the electrode surface and can be subsequently 
reduced, resulting in a KTCNQ layer. The reduction of the 
NMP-TCNQ lattice (Figure 6b) occurs at  more negative po- 
tentials than for TTF-TCNQ, with the production of a reduced 
N M P  species and KTCNQ on the electrode surface. The nature 
of the reduced NMP species is unknown; all subsequent references 
to NMP" denote such a species. The very small stable potential 
region for the NMP-TCNQ electrode reduces the usefulness of 
this complex as an inert electrode. However, as shown in Figure 
6c, copper can be deposited and then anodically stripped from 
the electrode without changing the surface. 

The substitution of phenazine, Phen", for NMP' in the 
NMP-TCNQ complexes has been claimed to reduce the number 
of electrons on the TCNQ Thus, as the negative 
character of TCNQ is made smaller (Le., the degree of reduction 
of TCNQO to TCNQ- is reduced to p - 0.85 or 0.63), oxidation 
of this species should be more difficult. Again the cyclic vol- 
tammetry of the two NMP,Phenl,TCNQ ( x  = 0.85 and 0.63) 
complexes (Figure 7) supports this expectation. As before TCNQ", 
formed on the electrode surface during the oxidation, is reduced 
to KTCNQ on scan reversal. 

Acridinium (Ad)-TCNQ,. Acridinium cations form highly 
conducting quasi-one-dimensional complexes with TCNQ ( 170 
f2-1 cm-1)28 with a stoichiometry of 1:2. The cyclic voltammograms 
for the Ad-TCNQ, electrode (Figure 8) again show a stable 
potential region (ca. +0.55 to -0.25 V vs. SCE) in which solution 
species, e.g., 10 mM K3Fe(CN)6/K4Fe(CN)6, can be examined. 
The general behavior of this electrode is similar to that of TTF- 
TCNQ. The oxidation of the lattice (Figure 8b) results in the 
formation of TCNQO on the surface ( E  = 0.57 V vs. SCE). The 
formation of insoluble chloride salts with the Ad cation does not 
occur upon lattice oxidation and no conducting Ad salts (Le., AdX, 
where X = Cl-, Br-, or I-) have been reported. Lattice reduction 
in KBr (Figure 8c) results in the formation of KTCNQ. The 
oxidation of the resulting KTCNQ requires about one-half of the 
number of coulombs consumed during lattice reduction. If Ad 
is formed during this process, either it dissolves into the solution 
(Ad is known to be slightly soluble in hot water),29 its reduction 
is irreversible, or Ad is oxidized positive of +0.5 V vs. SCE. No 
products are formed during the oxidation of acridine (Eplz = 1.58 
V vs. SCE, in MeCN) which are electroactive positive of -0.5 V 
vs. SCE.30 

Quinolinium (Qn-TCNQ,. Qn-TCNQ, is a highly conducting 
quasi-one-dimensional TCNQ complex salt (1 00 f2-l cm-1)28,31932 
in which the TCNQ units are stacked in columns with the average 
spacing intermediate between those of TCNQ" and TCNQ-.33 
Lattice oxidation occurs at less positive potentials than for the 
TTF, TTT, and Ad TCNQ comlexes (Figure 9); as before, 
TCNQ" is formed on the electrode surface. No other electroactive 
oxidation products are observed. Another feature of the Qn- 
TCNQ, electrochemical behavior is the presence of peak A on 

(27) Butler, M. A,; Wudl, F.; Zoos, Z. G. Phys. Rec. B. 1975, 12, 4708. 
(28) Epstein, A. J.; Conwell, E. M. Solid State Commun. 1977, 24, 627. 
(29) Windholz. M., Ed. "The Merck Index"; Merck and Co.: Rahway, 

N.J., 1976. 

New York, 1969; p 321. 
(30) Adams, R. "Electrochemistry at Solid Electrodes"; Marcel Dekker: 

(31) Siemons, W. J.; Bierstedt, P. E.; Kepler, R. G. J .  Chem. Phys. 1963, 
39, 3523. 

(32) Shchegolev, 1. F. Phys. Status Solidi A 1972, 12, 9. 
(33) Kabayashi, H.; Marumo, F.; Saito, Y. Acta Crysrallogr., Sect. B 

(34) (a) Thomas, G. A. J .  Chem. Phys. 1977, 66, 377. (b) Sharp, M. 

(35) Wheland, R.; Gibson, J .  J .  A m .  Chem. Sor. 1976, 98, 3916. 
(36) Coffen, D. L; Chambers, J. Q.; Williams, D. R.; Garaett, D. E.; 

(37) Geiger, W. E. J .  Phys. Chem. 1973, 77,  1862. 
(38) Adams, R. N. "Electrochemistry of Solid Electrodes"; Marcel Dek- 

1971, 27, 373. 

Anal. Chim. Acta 1976, 85, 17. 

Canfield, N. D. J .  Am. Chem. SOC. 1971, 93, 2258. 

ker: New York, 1969. 
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Figure 6. (a) Lattice oxidation of a NMP-TCNQ electrode in 1 M KCI, 2 mV/s scan rate. (b) Lattice reduction of a NMP-TCNQ electrode in 1 
M KAc, 5 mV/s scan rate. (c) Deposition of Cuo on a Pt and NMP-TCNQ electrode, 20 mM CuS04 in 1 M KAc, 5 mV/s scan rate. 
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Figure 7. Lattice oxidation of NMP-TCNQ and NMP(Phenl_x)TCNQ electrodes, 1 M KCI, 5 mV/s scan rate: (a) NMP-TCNQ electode; (b) 
NMPo,85Pheno,15TCNQ electrode; (c) NMPo,63Pheno,3,TCNQ electrode. 

initial scans toward positive potentials (Figure 9). This peak 
corresponds to the oxidation of TCNQ- to TCNQO and was present 
to a varying extent in all Qn-TCNQ2 electrodes studied. Although 
the complex salts of TCNQ are sometimes considered as a mixture 
of TCNQO and TCNQ-, the electron is delocalized over the entire 
TCNQ column. However, this behavior demonstrates that some 
TCNQ- was present initially in Qn-TCNQ2. The presence of this 
small anodic peak (A) is not unique to the Qn-TCNQ2 electrode 
and it may, in fact, be due to some lattice decomposition under 
open-circuit conditions. 

Bipyridinium (B1P)-TCNQ,. A number of bipyridine-TCNQ 
salts can be prepared.’gZ2 The 1 :2 complex 2,2’-bipyridine 

(2,2’-B1P)-TCNQ2 has a room temperature conductivity greater 
than 2 a-’ cm-I, while that of the 4,4’-bipyridine (4,4’-BIP)- 
TCNQ2 complex (and other substituted 4,4’-BIP-TCNQ com- 
plexes) ranges from IO-* to 1 0 - ~  a-’ cm-1.1,22 

The 2,2’-BIP-TCNQ2 electrode in KBr also shows a small 
anodic peak (A) at -0.27 V vs. SCE at initial scans toward positive 
potentials (Figure 10). This peak results in the formation of 
TCNQO on the electrode surface, since the reduction to KTCNQ 
can be observed on scan reversal. Upon cycling between +0.3 
and -0.04 V the magnitude of the two peaks gradually increased 
over the first five to six scans. The same behavior was noted for 
the Qn-TCNQ2 electrode but not for any other cases discussed 
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Figure 8. Cyclic voltammograms for a Ad-TCNQ2 electrode: (a) stable 
potential region and cyclic voltammogram of 10 mM K3Fe(CN)6/ 
K,Fe(CN) in HAc/KAc solution (pH 6.9); (b) lattice oxidation in 1 M 
KC1, 5 mV/s scan rate; (c) lattice reduction and subsequent scans in 1 
M KBr, 5 mV/s scan rate. 

1 I 1 I 1 
a4 az I ao 

Potential. V nSCE 

Figure 9. Lattice oxidation of a Qn-TCNQ2 electrode in 1 M KBr, 10 
mV/s scan rate; peak A present on initial scan. 

so far. At potentials more positive than +0.4 V, the lattice ox- 
idized, also resulting in TCNQO on the electrode surface. Only 
peaks attributable to the TCNQo/TCNQ- couple were observed 
after lattice oxidation. 

The 4,4’-BIP-TCNQ electrode has a much higher resistance 
than that for the 2,2’-BIP complex (i.e., the iR compensation 
required for the 4,4’-BIP complex was four to five times greater 

Jaeger and Bard 

I 

a 

Figure 10. (a) Lattice oxidation of 2,2’-BIP-TCNQ2 electrode in 1 M 
KBr. (b) Lattice oxidation of 4,4’-BIP-TCNQ2 electrode in 1 M KAc, 
5 mV/s scan rate. 

than that for the 2,2’-BIP complex). Moreover the 4,4’-BIP- 
TCNQ, complex was not stable at open circuit in aqueous solu- 
tions. After immersion for about 30 s in a 1 M potassium acetate 
solution, the dark 4,4’-BIP-TCNQ, electrode became purple. The 
cyclic voltammogram for a 4,4’-BIP-TCNQ, electrode showed 
anodic peaks at  +0.25 and +0.50 V (Figure lob) that can both 
be attributed to the formation of TCNQO on the electrode surface. 
Reduction of the lattice occurred at  slightly more negative po- 
tentials (-0.4 V vs. SCE) than for TTF-TCNQ. 

Metal (M*)-TCNQ, Generally most of the metal TCNQ salts 
can be represented by the formula M”+TCNQ,. These show large 
thermal activation energies for conductivities, which are < 1 0-3 
Q-’ cm-I. Because these complexes have complete transfer of one 
charge from the donor to TCNQ, their potential range appears 
to be limited by the oxidation of TCNQ- (-0.24 V vs. SCE) and 
the reduction to TCNQ2- (in a broad cathodic peak starting at  
about -0.3 V and reaching a limiting current at -0.5 V). 

Other TCNQ Complexes. A number of other TCNQ salts 
exhibit similar electrochemical behavior. For example, ferroce- 
nium-TCNQ, behaves very much like the Qn and BIP-TCNQ 
complexes. However, many other TCNQ complexes (e.g., with 
the donors p-phenylenedianime (PD) and triethylammonium 
(TEA)) behave like the metal complexes. The highly conducting 
trimethylammonium iodide-TCNQ complexes were not stable in 
aqueous media (with KAc, KCl, or LiC1) even at  open circuit. 
Within a few minutes these materials became covered with a 
yellowish film, probably TCNQO. In addition to the yellow ma- 
terial on the electrode surface (TCNQO) an ammoniacal odor was 
detected (possibly NMe3). 

Electrochemical Behavior of Some Donor Compounds and 
TCNQ in Solution. To aid in the discussion of the electrochemical 
behavior, the redox potentials of the donor and TCNQ couples 
in solution are listed in Table I. Note that, for those peaks which 
involve a solid species (Le., TCNQO, TTTO), the peak potentials 
of the species in solution and those present on the electrode surface 
are very similar. 

Discussion 
An interpretation of the processes occurring at various potentials 

for the different materials generally follows the procedures em- 
ployed for TTF-TCNQ previou~ly.~ Lattice oxidation of the 



Donor- Tetracyanoquinodimethane Electrodes 

Table 1. Redox Potentials for Donor and TCNQ Couples 
6, v vs. elec- 

redox couple SCE solution trode 
TCNQ'/TCNQ- +0.115" waterl0.l M LiClO, Pt 
TCNQ-/TCNQ2- -0.133" water/O.l M LiClO, Pt 
TCNQ@/TCNQ- +0.127b MeCN/O.l M LiCIO, DME 
TCNQ-/TCNQ*- -0.291b MeCN/O.l M LE10, DME 
TTF*/TTF@ +0.30" MeCN/O.l M TEAP (Pt?) 
TTF2'/TTF +0.66" MeCN/O.l M TEAP P t ? )  
TTF+/TTF@ +0.33" MeCN/O.l M TEAP Pt 
TTF2'/TTF +O.7Oa MeCN/O.l M TEAP Pt 
TTT+/TTTO +0.12" MeCN/O.l M TEAP Pt 
TTTZ+/TTT +0.49" MeCN/O.l M TEAP Pt 
TTT+/TTTo +0.24" CH,Cl,/TTTCl Pt 
TTT2+/TTT +0.73" CH,Cl,/TTTCl Pt 
TTT/TTTo +0.26a water/HAc, KAc glassy 

NMP/NMPo -0.05" water/KAc glassy 

Ad'/Ad 1.58" MeCN/O.l M TEAP Pt 
Qn'/Qn 1.97" MeCN/O.l M TEAP Pt 

C 

C 
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Standard potential, E". Half-wave potential, E,,,. 

TTF-, TTT-, and NMP-TCNQ complexes results in the for- 
mation of TCNQO and oxidation of the donor species, e.g., 

TTF-TCNQ - 2e - TCNQO + TTF2+ 

TCNQO + e - TCNQ- 

(1) 

The reduction of TCNQO observed on scan reversal 

(2) 

then generally accounts for about one-half of the number of 
coulombs (Q,) as those consumed during lattice oxidation, Q, 
(Table 11). The two-electron process in (1 )  can be ascribed to 
the fact that lattice oxidation occurs at, or just positive of, the 
potential for the formation of the donor dication, resulting in the 
formation of TCNQO and DZf. (Even if the initial reaction did 
not result in the oxidation of D+ to D2+, this reaction would still 
occur, because, as TCNQO was formed, the uncomplexed D+ would 
be oxidized.) Any uncomplexed TCNQ- would also be oxidized 
at  these applied potentials. 

The behavior of the complex 1:2 salts was different than for 
the 1:l salts. Lattice oxidation still resulted in the formation of 
TCNQO. 

D+(TCNQ-)(TCNQO) - e - D+ + 2TCNQO (3) 

However, the subsequent reduction of TCNQO results in a higher 
number of coulombs consumed compared to lattice oxidation 
(Table 11). 

(4) 

In fact, the reduction peak area was generally equal to or greater 
than that for the lattice oxidation process. 

The electrochemical data can provide information about the 
free energy of formation of the complex and about the degree of 
charge transfer between donor and acceptor. There have been 
many studies on the correlation of polarographic half-wave po- 
tentials, E l p ,  to molecular oribtal  parameter^.^'-^^ A linear 
correlation between E,/* and the highest occupied molecular orbital 
(HOMO) (for oxidations) or the lowest unoccupied molecular 
orbital (LUMO) (for reductions) has been shown for a number 
of aromatic hydrocarbons, generally with the assumption that the 
electrode reaction is reversible. The observed electrode potential 
is related to the free-energy change involved in the reaction. As 

2TCNQO + 2e - 2TCNQ-. 

(39) Foster, R. "Organic Charge-Transfer Complexes"; Academic Press: 

(40) Streitwieser, A. "Molecular Orbital Theory for Organic Chemists"; 

(41) Peover, M. E. Trans. Faraday Soc. 1964, 60, 417. 
(42) Holm, R.; Carper, W.; Glancher, J. J .  Phys. Chem. 1967, 71,  3960. 
(43) Pysh, E. S.; Yang, N. C. J .  Am.  Chem. SOC. 1963, 85, 2124. 

New York, 1969. 

Wiley: New York, 1961. 

Table 11. Electrochemical Measurements for 
Donor-TCNQ Electrodes" 

Q, ,b , f  Qc? 
charge E charge 

electrode electrolyte E,,' passed reiA passed 
TTF-TCNQ 1 M LiAc +0.65 3.95 -0.04 -2.02 
TTF-TCNQ 1 M LiCl +OS0 3.95 -0.04 -2.02 
TTF-TCNQ 1 MKBr +0.49 13.8 +003 -7.87 
TTT-TCNQ 1 M KAc +0.75 0.28 +0.03 -0.17 
TTT-(TCNQ), 1 M K A c  0.41 3.67 +0.03 -1.18 
NMP-TCNQ 0.5 MNaF +0.22 2.82 +0.04 -1.7 
Qn-(TCNQ), 1 M KBr +0.28e 2.22 0.0 -2.51 

Qn-(TCNQ), 1 MKAc +0.28e 37.0 0.0 -33.8 
+0.40 

+0.42 
Ad-(TCNQ), 1 M K A c  +0.58 0.24 +0.03 -0.30 
Ad-(TCNQ), 1 M K A c  +0.58 0.74 +0.03 -0.75 
ferrocenium- 1 M KC1 +0.23e 0.29 -0.01 -0.53 

(TCNQ), +0.43 

10.42 

+0.44 

+0.50 

2,2-BIP-(TCNQ), 1 M KAc +0.27e 3.45 +0.01 -8.0 

2,2-BIP-(TCNQ), 1 M KBr +0.27e 9.2 t0.01 -13.0 

4,4-BIP-(TCNQ), 1 M KAc +0.26e 7.5 +0.01 -12.4 

a Each measurement was made with different electrodes of dif- 
ferent areas. 
lowed by the reduction process. Charge passed expressed in mC. 

For initial oxidation scan, taken at a current density of -25 PA/ 
cm2 (geometric area), in V vs. SCE. Peak potential for reversal 
(reduction) scan following lattice oxidation in V vs. SCE. e Po- 
tential of peak A (see Figures 9 and 10). Re- 
versal process. 

The initial process was always an oxidation fol- 

Initial process. 

discussed previo~sly,~ molecular complexation results in a shift 
of the electrode potential. The magnitude of this shift reflects 
the perturbation of the molecular orbitals due to the complexation 
and is macroscopically related to the free energy of formation (or 
the formation constant) of the complex. 

If the entropies of formation of the complexes remain constant, 
the relative stabilities and electrode potentials of the complexes 
are dependent upon the enthalpy of formation (or free energy of 
formation) of the complexes.44 A linear relationship has been 
observed between the degree of charge transfer, p ,  and the en- 
thalpies of formation of electron donor-acceptor c o m p l e x e ~ . ~ ~  In 
the case of highly conducting pseudo-one-dimensional organic 
complexes, the degree of charge transfer, p ,  is a key ~ a r a m e t e r . ~  
For the TCNQ complexes, p can be considered to be the number 
of electrons per TCNQ molecule. Variation of p can occur because 
of different stoichiometry (Le., D-TCNQ,) or because of incom- 
plete charge transfer between the donor and the TCNQ. For the 
TCNQ stack in these complexes, incomplete charge transfer can 
be thought of as partial reduction of the TCNQO to TCNQ-. 
Similarly, p on the donor stack must be considered. It has been 
proposed that p is determined by the ionization potential of the 
donor and the strength of the ionic bonding in the c~mplexes .~  

There have not been many thermochemical measurements (e.g., 
heats of formation) made on TCNQ complexes,46 other than for 
TTF, so that a comparison of the results obtained here with 
thermochemical data cannot be made. From the first redox 
potentials given in Table I and the potential of the lattice oxidation, 
the stabilization energy for the TTT-TCNQ and the NMP- 
TCNQ electrode can be estimated. For TTT-TCNQ, lattice 
oxidation occurs in 1 M KAc at about +0.75 V vs. SCE and the 
peak for the formation of TTT+Ac- occurs at about +0.24 V vs. 
SCE. This potential difference yields a stabilization on com- 
plexation of 0.51 eV (49.2 kJ/mol). This is a slightly larger 
stabilization energy than that found previously' for TTF-TCNQ 
(0.39 eV). For the NMP-TCNQ complex a similar calculation 

(44) Flurry, R. L. J .  Phys. Chem. 1965,69, 1927. 
(45) Gol'dshtein, I. P.; Gur'yanova, E. N.; Kucheruk, L. V.; Kremer, E. 

(46) Boyd, R. H. J .  Chem. Phys. 1963, 38, 2529. 
D. Zh.  Obshch. Khim. 1978, 48, 2568. 
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Figure 11. Plot of the anodic peak potential, E,, for the oxidation of the 
M"+TCNQ, layer on a TTF-TCNQ electrode vs. the gas-phase ioniza- 
tion potential, I ( g ) ,  for M+. 

Figure 12. Plot of the cathodic peak potential, ETCNQ-TrFXR", for the 
reduction of a TTFX, layer on a TTF-TCNQ electrode vs. gas-phase 
electron affinity, EA. For TCNQ this is the potential for lattice reduction 
(EA for TCNQ from ref 47). 

yields a stabilization of 0.26 eV (25 kJ/mol). 
It is of interest to attempt to correlate the observed potentials 

for the different processes of these salts with gas-phase ionization 
potentials [Z(g)] or electron affinity [EA(g)].39*40 For example, 
for the 1:l TCNQ complexes with TTF and N M P  the difference 
in redox potentials (TTF+/TCNQ, 0.32; NMP+/NMP, -0.05 V 
vs. SCE) is in reasonable agreement with the difference in Z(g) 
values (TTF, 6.95;47*48 NMP,  6.5 eV49). 

In our previous studys we reported values of Ep,ox, the peak 
potentials for the oxidation M"+TCNQ, formed on the surface 
of the TTF-TCNQ electrode by lattice oxidation and then re- 

(47) Engler, E. M.; Kaufman, F. B.; Green, D. C.; Klots, C. E.; Compton, 
R. N. J .  Am.  Chem. SOC. 1975, 97, 2921. 

(48) (a) Klots, C. E.; Compton, R. N.; Raaen, V. F. J .  Chem. Phys. 1974, 
60, 1177. (b) Gleiter, R.; Schmidt, E.; Cowan, D. 0.; Ferraris, J. P. J .  
Electron Spectrosc. Relat. Phenom. 1913, 2,  207. 

(49) Torrance, J. B.; Silverman, B. D. Phys. Reo. B 1977, 15, 788. 
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Figure 13. Plot of the potential for lattice oxidation, E,, (vs. SCE), vs. 
the degree of charge transfer, p .  

duction in supporting electrolytes with different metal cations, 
M"'. A plot of Ep,ox vs. Z(g) for these metal ionsSo (Figure 11) 
shows that the correlation is quite good. This probably implies 
that other factors that influence the Ep,ox value (e.g., ion solvation, 
stabilization energy) cancel out. Similarly, Ep,rd for the reduction 
of TTF'X; salts (X = C1, Br, I) formed on the TTF-TCNQ 
electrode surface by lattice reduction followed by oxidationS show 
a linear relationship with EA(g) (Figure 12). 

The degree of charge transfer, p ,  between the donor molecule 
and the TCNQ molecules has been a subject of interest. For the 
series of TCNQ complexes studied here, a linear relationship 
between the potential of lattice oxidation and p was found (Figure 
13). In this case, p can be thought of as the degree of reduction 
of TCNQO to TCNQ-.' As p decreases from -0.94 (for NMP- 
TCNQ) to -0.59 (for TTF-TCNQ) the TCNQ moiety becomes 
more difficult to oxidize (Le., the potential for oxidation shifts 
in a positive direction). The 1:2 donor-TCNQ complexes do not 
follow this correlation, however. For example, Ad-TCNQ2 (Eox 
= +OS8 V) and Qn-TCNQ2 (Eox = +0.28 V) should have quarter 
filled bands and p - 0.5. However, the results in Figure 13 
suggest that electrochemical measurements might provide a 
relatively simple method for estimating the degree of charge 
transfer in these materials. Previously p has been determined from 
susceptibility, optical, and N M R  measurements. 

Although the results reported here are based upon com- 
pressed-disk electrodes, the similarity between the behavior of 
single-crystal and compressed-disk TTF-TCNQ electrodes sug- 
gests that the trends observed accurately reflect the behavior of 
these complexes. Further studies with compressed-disk and sin- 
gle-crystal electrodes could not only provide information about 
their chemical behavior but may also lead to new and interesting 
electrode materials for electrochemical applications. 
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