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OF THE ION PAEIiNG REAC17ONS OF THE ANIONS AND DIANIONS
OF TCNE AND TCNQ

S.B. KHOO *, JOHN F. FOLEY ", CAROL KORZENIEWSI and STANLEY PONS

Depwnftw of Chemunr', Unoermny of UsaA Soft Lake City, UT 84112 (U SA.)

CURTIS MARCOTT

Proctor and Gambl C&orarwu Cincnnati. OR (U.S.A.)

(Received Sth Decmber 196;- in revised form 13th March IM'7

ABSTRACT

Theu ifaed aP,=v of the dianio of tetracyanoethylme (TCNE) and trancuiom ethn
(TCNQ) uenera""eectrochemically in acetonine am dependent upon the mupportmg ectolyte. In
particular, theQN stretching wavenumbmr awe highf in the presence of alkali metal salts than in the
p PPen , of tetraalkylaxmnium salts, and the magniUde of the shift is correlated with a positve shift in
d.c half-wave potential of the second reduction wave. The shifts in wavenuinber and half-wave potential
ate attributed to contact ion pairinig between the dianion and the alkal metal cation. No such shiftsi are
observed for the anion radicals of TCNE and TCNQ wn saomitre, nor for the danion of ?CNE in
diznethylidoxide. -

INTRODUCTION

This paper reports infrared spectra of the anion radicals and dianions of
tetracyanoquinodmezhane (TCNQ) and tetracyanoethylene (TCNE) in acetonitile

0 (AN) and dimetiylslphoxide (DMS0) solutions. The anions and dianions were
generated electrochemically and the spectra were obtained by the SNIFTRS
method [1).

*Pram addrus: Departrmt of Omanisary, National Usirwaty of Stnapome Kent Ridge. Sungaore
*~* Pgams address: Departmen of Cheiuy, Box 4260, T.'u Tech JUniversity, Lubbock. TX 79409-

4260, U.S.A.
STo whom correpondnc shoul be addrmeed.
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The structures of TCNQ and TCNE are shown . w aprotic solvents the
electrochemical reduction of TCNQ and TCNE takes place in two one-electron
waves, forming a stable anion radical in the first, and a stable dianion in the second.

R+ e-0R'- (1)
WI + e a* (2)

A homogeneous reproportionation reaction can also take place between the dianion
and the neutral molecule to give two radical anions:

R-+R92R -  (3)
In these experiments, however, this layer of solution ws thin enot.gh that all species
within it were at equilibrium with the electrode, and since equilibrium (3) lies well to
the right it could be ignored. Experiments using a thicker solution layer will be
described elsewhere [21.

Cyclic voltammetric experiments in this laboratory [3] have provided evidence
that strong ion pairing takes place between alkali metal cations and the dianions of
TCNQ and TCNE in acetonitrile solution; the half wave potentials of the second
reduction waves of TCNQ and TCNE were less negative when the supporting
electrolyte was 0.1 M lithium perchlorate or sodium perchlorate than when the
electrolyte was 0.1 M tetraethylammonium perchlorate (TEAP) or tetra-n-butylam-
monium fluoroborate (TBAF), indicating that the alkali metal cations interact with,
and stabilize, the dianions. The half wave potentials of the first reduction waves
were independent of supporting electrolyte, indicating that the radical anions do not
form ion pairs with alkali metal cations in acetonitrile.

IR spectra can differ from one environment to another, and in particular from
solid to soluiion. The geometry of the radical ion may be distorted in the solid state,
and there is also the possibility of activation of usually infrared inactive modes
through a vibronic interaction mechanism, involving distortion of the highly polariz-
able charge cloud of the anion by the highly polarizing counter cation to produce a
dipole oscillating between anion and cation. Such a mechanism has been suggested
by Devlin and co-workers to explain the appearance of a strong band at about 1370
cm - I in the solid state spectra of M TCNE "- , where M is an alkali metal cation
[4-7. It was proposed that this band is the totally symmetric C-C stretching mode
of the electon cloud perpendicular to the molecular plane. Indeed all of the
detectable infrared bands in the 600 cm- 1 to 4000 cm- 1 range were attributed to
totally symmetric stretching modes (A. of Da) activated by this charge oscillation
mechanism. The situation is further complicated by the strong possibility that the
TCNE anion rqdical exists as a monomer in solution at room temperature but as a

0l IJmI I I I~ Iia-
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dimer in the solid state [8-10]. Some bands in the solid stated spectra of
(Na )2TCNE2  [7] and NaTCNQ" " (11] have also been attributed to vibromc
activation of totally symmetric modes.

In solution the counter cation might affect the spectrum through ion pairing. For
example, Eargle and Emrich [121 have found that in the fairly nonpolar solvent
dimethoxyethane the C-O stretching wavenumber of the benzophenone radical
anion depends upon the nature of the counteraction, the wavenumber varying from
1568 cm - 1 in the presence of K* to 1575 cm - 1 in the presence of U*. These shifts
were attributed to ion pairing between the anions and cations.

Electrochemical generation of the radical ions allows high dielectric constant
solvents and large organc counter ions to be U jider which ditio ion
pairs are less likely to form. Resonance Raman -ot e=ochemically gener-
ated TCNE'- [131, TCNQ'- [141 and TCNQ2- [151 have been obtained in acetonitrile,
using TBAP as supporting electrolyte. Infrared spectra of electrochemically gener-
ated TCNE*-- [161 and TCNE' - [17) have been obtained by SNIFTIRS. In the
case of TCNE'- the electrode material was platinum, and the electrolytes were
TBAF and LiC10 4 . Differences between the spectra in the two electrolytes were
attributed to absorption of the anion only in the presence of TBAF. In the case of
TCNE2 - the electrode material was carbon, the electrolyte was TBAF, and the
spectrum was attributed to TCNE 2- adsorbed and in solution.

The spectra described here were obtained with LiCIO4, NaCIO4 , TEAP, and
TBAF as electrolytes, in order to study the effects of ion pairing.

EXPERIMENTAL

For most experiments the spectrometer was a Digilab Qualimatic instrument with
a cooled (77K) HgCdTe detector. The spectrometer was purged with nitrogen and
the cell was situated outside it. The ceil and other instrumentation have been
described in detail elsewhere [1]. The working electrode was a 7 mm diameter
platinum, gold, or vitreous carbon disk mounted on the end of a brass shaft inside a
9 mm diameter Kel-F tube. The electrode was pushed up against a CaF 2 infrared-
transparent window, forming a thin-layer cell. Thin layer voltammetry showed the
average window to electrode distance to be 50 pm. The window had a trapezoidal
cross-section, allowing equal transmission of s- and p-polarized light. For acetonitrile
solutions the reference electrode was a silver wire in contact with AgNO 3 (0.01 M)
and TBAF (0.1 M) in acetonitrile. For DMSO solutions an SCE was used. All
electrode potentials in acetonitrile are referred to the Ag/Ag4 (0.01 M) electrode,
and in DMSO to the SCE.

Sodium perchiorate (GFS) was recrystallized twice from triply distilled water.
Anhydrous lithium perchlorate (GFS) was used as received. TBAF was prepared
according to the method of Lund and Iverson 1181 and recrystallized from methyl-
ene chloride and distilled water. TEAP (Eastman, reagent grade) was recrystallized
twice from triply distilled water. Reagent grade TCNE (Eastman) was recrystallized
twice from chlorobenzene. Reagent grade TCNQ (Eastman) was used as received.
Acetonitrile (Burdick and Jackson UV grade, water content nominally 0.009%) and

• . . ,6m lllll lnmm llll lllllIIII IIII
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DMSO (Burdick and Jackson. water content nominally 0.015%) were dried over
Woelm neutral alumina (Supergrade I) before use.

For each system mnterferograms were collected at three potentials: one where the
neutral species was stable, one where only the anion radical could coexist with the
electrode, and one where only the dianion could ctmxist with the electrode. Usually
128 interferograms at 4 cm - 1 resolutions were collected at each potential. Ratiomg
two of the three averaged interferograms gave, after Fourier transformation, dif-
ference spectra where bands pointing down arise from species present only at the
more negative potential, and bands pointing up are due to species prebent only at
the more positive potentiaL

RESULTS

The anions of TCNE

Figures 1, 3, and 5 show SNIFTIRS spectra of the TCNE (5 mM)/TBAF (0.1
M)/AN and TCNE (5 mM)/LiCO 4 (0.1 M)/AN systems in the CmN stretching

OCR C30410.003
TDAF TBA

LIC10 4

0r
"a am MO m a3 mbbo

WUAMM.0i0 WAVENUMBEIqS/cm-'

Fi&g 1. SNIFrMS difference spectrum in (ln st.tching region for reduction of TCNE to TCNE "- at a
platimi eectrode. Solution thidckness ca 50 pm. Solutions otaimd TCNE (5 rM) in aotntrio e with
0.1 M 1400, (top pecum) and 0.1 M T7RA (bottom psctum) as mpporting electot Potential
moduated fom +0.5 V to -0.5 V (vs. Ag/O.01 M AS + refermce).

Fi. 2. SNIFTIRS spectum in C-C stretching region for rediaion of TCNE to TCNE a- a platinum
electrod Same paumeus as Fig 1.
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Fig 3. SNIFTIRS differece spectum in CoN stretching region for reduction of TCNE to TCNE 2 ata
platinum electrode. Solution thickness ca 50 put. Same solutions as Fig. 1. Top spectrum: 0.1 M UiO,
as suppmn eectrol potetial modulated from + 0.5 V to -1.2 V. Bottom spectrum: 0.1 M ThAF
asupporting electrolyte. potential modulated from -0.5 V to -. 0 V.

F.*. 4. SNIFTIRS differe=ce spectrum in C-C stretching region for reduction of TCNE to TCNE2- at a
plaunum electrode. San parameters a Fig. 3.

region. The only other detectable bands are in the 1100-1300 cm - 1 region, and
these are shown in Figs. 2, 4, and 6. (Noise spikes at 1160 and 1230 cm - have been
subtracted out of the TBAF spectra in Figs. 4 and 6.) A platinum electrode was used
to generate the anions for these spectra, but similar spectra were obtained using
pyrolytic graphite and gold electrodeL All bands could be observed with either
s-polarized or p-polarized radiation, so all must arise from species which are in
solution rather than on the electrode surface. Bands obtained in the presence of
LiCIO, were usually weaker than bands obtained in the presence of TBAF, ap-
parently because some precipitation of Li2TCNE salt often takes place when
TCNE2 - is generated in the presence of Li. When TEAP was used as electrolyte
the spectra were identical to those obtained with TBAF as electrolyte.

Figures 1 and 2 show SNIFTIRS spectra taken at -0.4 V (vs. A&/AAg+), where
TCNE'- is stable with reference potential + 0.4 V, where TCNE is stable. The Can
stretching bands of TCNE are apparently too weak to be seen, but there are
negative going kands from TCNE'- at 2187 and 2146 cm- 1.At lower wavenumbers

0 ii .~~~a l em l l i ~ ~
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Fig. 5. SNIFTIRS diffrece specum in CnN stretching region for reduction of TCNE- to TCNE2 -
at a platinum electrode. Solution thickness ca 50 pm. Same solutions as Fig. 1. Top spectrum: 0.1 M
iC1O, as supporting electrolyte, potential modulated from -0.5 V to -1.2 V. Bottom spectrum: 0.1 M

TBAF as supporting elecolyte, potential modulated from -0.5 V to -2.0 V.

Fig 5. SNIFTIRS difference spectrum in C-C stretching repon for reduction of TCNE'- to TCNE2- at
a platinum electrode. Same parameters as Fig. 5.

there is a positive going band from TCNE at 1155 cmi, and a negative going band
from TCNE'- at 1180 cm - 1. The wavenumbers of all of these bands are indepen-
dent of electrolyte.

Figures 3 and 4 show SNIFTIRS spectra for electrogeneration of TCNE2 - in the
presence of TBAF and LiCIO4 . The reference potential was again + 0.4 V. While the
spectrum of TCNE'- in acetonitrile is independent of electrolyte, this is clearly not
the case for TCNE2 - . With TBAF as electrolyte the dianion has two CmN stretch
ba.n and 2075 cm- 1, and a band at 1207 cm-1.

"-- Spectra taken with relerence potential -0.4 V where the anion radical is stable
and with working potentials where the dianion is stable are shown in Figs. 5 and 6.
As expected, positive going bands from TCNE- are observed at 2187, 2146 and
1180 m -' with both electrolytes, and negative going bands from TCNE- are
observed at 2141, 2075, and 1207 cm - 1 with TBAF electrolyte and at 2175, 210
and 1232 cm- 'with LiCO 4 .



The anions of TCNQ

SNIMTRS spectra in the CaN stretching region for the TCNQ (5 mM)/Th3AF
(0. 1 M)/ AN and TCNQ (5 m M)/liC10 4 (0.1 M)/ AN systems are shown in Figs.
7 and 8. TEAP and NaCIO4 were also used as electrolytes; TEAP again gave the
same spectra as TEAF. A platinum electrode was used for all of these experiments.
All bands reported here are due to solution species, because all could be observed
with either s- or p-polahrized radiation.

The spectrum of TCNQ* (Fig. 7), taken with working potential at -0.2 V and
reference potential +0.4 V, shows two CaN str bands for TCNQ, at 2182 and
2156 cm -', and aweaker band for TCNQ at 2224 cm - (see Table 1).

7rTBAPI

an

T Li C10 4
LICO4

2300 WOO0 2300 2000
* AVNRSMsI( 1  WAVCPS.JMKOIS/cm -'

R&n 7. SNIFIRS diftemao ipeciua in CwN sueciing region for reduction of TCNQ to TCNQ -at a
plainum dectrode Solution thicknes ca 50 pint. Solutions oontained TCNQ (5 mm) in aceacatrile with
0.1 M U0OO, (top specrm) and 0.1 M 7W? (bottom specuum) as suporting dectrolyte. Potental
modul ave +0.4 V to -0.2 V (va. A&J0.01 M AS* rdormws)

Pi&. L SNIFlI ddffem spectru in C-N stretlaing regmo for reducton of TCNQ to TCNQ2 -at a
platium dectrode. Solutmo thicknes ca 50 Ma. Sain aclutiona as Fg. 7. Top spectrum: 0.1 M LK304
as supportag elewtolya potential miodulated from +0.4 V to -02 V. loutm a pectum: 0.1 M TDAF
as aupponing .lectolyte potential modulated fromn -OA V to - 1.2 V.
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TABLE 1

Infrared vibraional waveiumber of TCNE and its anio in acetoitrile

Mode Vibrational wavawmber/cm- 1

TCNE TCNE b TCNE'- b- TCNEz-/rTA b.d -CN b2-/Li b

P1 5(R") 2263 2185 2141 2175
,,(Bh.) 2230 21A5 2070 2102
2(A,) 1232

1155 1155 110 1207
10(1,,) 953

4 Re(. 10.b "T-ig We&k
- Same waveainbm for TCNE'-/TBA*, TCNE--/TEA*, and TCNE-/i systm.
d Same waVe aben for TCNEa-/TA ad TCNE-/TEA* syMmL

The CuN str bands of TCNQ- (Fig. 8) show similar behavior to those of
TCNE2-; the wavenumbers are lower than those of TCNQ- and depend upon the
electrolyte. With TBAF and TEAP these bands are at 2153 and 2106 cm - ', with
NaCIO4 they are at 2156 and 2110 cm - 1, and with LiC1O4 they are at 2166 and 2118
cm-1. (The positions of other bands are listed in Table 2.)

Experiments where the concentration of LiCIO was varied between 0.001 M and
0.1 M (while that of TBAF was half constant at 0.1 M) produced no new bands,
suggesting that a complex of only one stoichiometry, probably 1: 1, is formed.

The same experiments were carried out in DMSO with TBAF and LiCIO 4 as
electrolytes. In this solvent no evidence for ion pairing was obtained; the half wave
potentials of ooth reduction waves of TCNQ were independent of electrolyte, and
the CN str wavenumbers of the anions TCNQ'- and TCNQ 2 - did not depend on

TABLE 2

Infrared vibrational waveumbes of TCNQ and its anions in acetoniutle

Mode Vibraional waveannb/cm - b

,af LV I TCNQ TCNQ- TCNQ-/TA b TCNQ 2 Na TCNA-/Li

Fig-v) 2224 2132 2153 2156 2166
33.(B) 2224 2156 2106 2110 2118

1576
1545 1506 1501 1501

1493 1493
1362 1296 12%
1209 1225 1235

986
345 833 321 821

* Same wavuembe for TCNQ'-/TBA-, TCNQ-/TEA-, TCNQ-/Na* and TCNQ'-/Ui sys-

b Same WaVM b for TCNQ2-/TI , sad TCNQ 2-/'rEA syinma.
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electrolyte either. In fact these wavenumbers (2180 and 21'3 cm - ' for the anion,
2151 and 2104 cm - 1 for the dianion) are the same as those of uncomplexed
TCNQ'- and TCNQ 2- in acetonitrile.

DISCUSSION

TCNE is planar and belongs to the D2 point group. It has four groups and CA
thera-fore tour CNN stretching modes. Two of these, the Pp(B1u) and 15(B3 u) md
are infrared active and Ra- inactive, while the other two, the PI(A9) and P19(B39) - - /
modes, are Raman active and infrared inactive. Similarly there a oreTour modes --o-
m.tIy4;-C.c tching character: IR active r1o(B 1.) and P,1(B2.) modes, and
Raman active v3(Ag) and P21(BA) modes. The only other in-plane stretching mode

7 -r Be aa ctivev ) me, which is mostly stretching of the central CEC
bfOITn triion ;s*iptrum [6) of neutral TCNE has bands at 2263, 2230,
1155, and 958 cm - ', thoge have been assigned to the P,,, P9, PI., and P1o modes
respectively. (Ac y, f neither neutral TCNE nor for its anions is it really
known w ih N stretch band corresponds to P15 and which to -T.) TCNE also

*ands at lower wavenumbers which have been assigned to bending vibrations. If
TCNE'- and TCNE 2- are planar and undistorted (i.e., of D2h symmetry), they
should also have two IR active CEN stretch modes (r,5 and 19) and two IR active
C-C stretch modes (P16 and P10).

While there have been other assignments of the TCNE'- bands [16], it appears
simplest to assign them to the normally infrared active modes of a species with Dz,
symmetry. Then the 2187 and 2146 cm-1 bands correspond to the P15 and i9 CmN
stretching modes, and the 1155 and 1180 cm - 1 bands to the P16 C-C stretching
mode. These assignments are summarized in Table 1. The rv0 C-C stretch could not
be observed because it is below the 1000 cm 'cutoff of the CaF2 window used here.
The spectra therefore show that addition of an electron to TCNE weakens the CN
bonds and strengthens the C-C bonds. This is consistent with MO calculations
(19-25] which show that both additional electrons go into an orbital which is
antibonding w.r.t. the CsN bonds, bonding w.r.t. and C-C bonds, and antibonding
w.r.t. the central C-C bond. The spectrum of TCNE'- in solution (Table 1) is quite
different from the spectrum of TCNE'- in solid NaTCNE [7] state. In particular,
the CN str wavenumbers are higher in the solid state spectrum (2222 and 2188
cm- 1 ), and the solid-state spectrum has additional bands at ca. 1400 cm-'. The
appearance of the bands around 1400 cem-  has been attributed to infrared
activation.gLtht4C-C stretching mode by an interaction of the anion and cation

SThis interaction could also increase the C-N str wavenumbers in the same
-man as does the interaction of Li' with the dianion (cf. Fig. 3). The situation is
complicated, however, by the probability of bonding between adjacent TCNE'-
units in te soiid state [8-10], which may also cause changes in bond orders and in
selection rules.

Again, it is simplest to assign the observed bands for TCNE2 - to the Pis, P9, and
P16 modes, assuming that TCNE2 - has D-a symmetry (see Table 1). This would
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mean that, as predicted by the MO calculations, addition of an electron to TCNE-
causes further weakening of the CmN bonds and further strengthening of the C-C
bonds. With LiCIO as electrolyte, the dianion bands are at 2175, 2102, and 1232
cm-1. The CaN bands are shifted to lower wavenumber compared to the anion
radical, but not by as large an amount as in the presence of TBAF. This difference
is attributed to strong ion pairing of TCNE 2 - with Li and not with (C4 H,) 4 N .
Presumably the Li' ion either undergoes a charge-transfer interaction with TCNE2 -

which removes some electron density from the antibonding MO, or it causes a
redistribution of r-electrons within the dianion such that the CaN bonds are
strengthened. It seems likely that only one I 4  ion is involved in this strong
interaction with TCNE 2- , because experiments using mixtures of TBAF (0.1 M)
and LiCIO, (0.001 M to 0.1 M) showed only the two sets of CN stretch bands of
Fig. 3. No additional bands appeared at low Li + concentrations, as might be
expected if there were complexes of more than one stoichiometry. (This does not
rule out weak interactions of other Li ions with the complex.) The 1232 cm - I band
of the complex presents a problem. It is at higher wavenumbers than the P16 C-C
stretch of uncomplexed TCNE 2- , yet it is difficult to conceive of a mechanism
which could simultaneously strengthen both the C-N and C-C bonds of example
TCNE2-. It is more likely that the 1232 cm - 1 band is the normally infrared inactive
V ) C-C stretching vibration. This mode could be made infrared active by

- .- distortion of the '-electron cloud of the dianion in the direction of the cation, which
is probably sitting above the molecular plane, causing vibration of the C-C bond to
give rise to an oscillating dipole normal to the molecular plane. It has been
proposed, in fact, that this mechanism of activation of the '2 mode is responsible
for bands in the solid state infrared spectra of M+TCNE "- and (Na )2TCNE 2- at
ca. 1400 cm-1 [4-6] and 1260 cm - 1 (7] respectively. Possible structures of the
TCNE 2-Li + complex will be considered in more detail below.

The C-N stretching wavenumbers of solid Na 2TCNE are, quite reasonably,
intermediate between those of uncomplexed TCNE2 - and the TCNE 2-- Li + ion
pair. The dianion appears to have an IR active C-C stretching mode and an IR
inactive C-C stretching mode both in the ion pair and in the solid state, which
suggests that the two environments are quite .simila.

TCNQ is similar to TCNE in that it is planar and of D2 symmetry. Therefore
TCNQ and its anions, if they are also planar, each have two infrared active C-N
stretch modes, which are labeled v,19(B1,) and v33(B2.). For neutral TCNQ these
two modes are coincident at 2228 cm - 1 f11].

There are a number of bands at lower wavenumbers than the CN str bands, and
these are listed in Table 2. Because of the complexity of the molecule, and because
of uncertainty in the literature (11,261, no attempt is made here to assign these other
bands. The positions of all bands of TCNQ'- are independent of electrolyte. The
lowest unoccupied molecular orbital of TCNQ, into which the additional electrons
must to, is antibonding with respect to the C-N bonds, just as it is for TCNE. In
accordance with this, the C-N str wavenumber of TCNQ- are lower than that of
TCNQ.

4,



TABLE 3

Eiacod-ical and infrared data for the reducums of TCNE and TCNE'- in acetoniuic

ReacdoTCE + e - -TCNE- TCNE- _ TCNE2-

cletrlyte catin TMA Na L+ TBA Na Li.

EI/2/V (vs. AaJAg*) -0.07 -0.07 -0.07 -1.05 -0.94 -0.79
,c, daeaeu/cm-' 82 82 59 26
PCN siottil/m- 1 40 40 71 73

The anticipated weakening of the CAN bonds occurs upon adding the second
electron, but the wavenumber shifts are smaller in the presence of alkali metal
cations, and once again this is attributed to complex formation with the small
cations.

The SNIFTIRS spectrum of TCNQ- (Table 2) agrees very well with the IR
spectrum of LiTCNQ in acetomtrile [26. The solid state IR spectra of alkm metal
salts of TCNQ- [11,261 show C-N stretching wavenumbers which are higher than
those of solution free TCNQ'-, and which increase with decreasing size of the
cation, presumably because of interactions between the cations and the anion.

There are close similarities between the solution spectra of TCNQ2 - (Table 2)
and the solid state spectrum of Na 2TCNQ [11], which has strong bands at 2164,
2096, 1503, 1498, 1303, 1238. and 822 cm-', and weaker bands at 1598, 1435, and
1353 cm - 1. The average CaN str wavenumber of Na 2TCNE (2130 cm - 1) is close to
that of the TCNQ 2-- Na ion pair (2133 cm- t ), but the splitting is greater in the
solid state.

Cyclic voltammetry provided the first evidence for ion pairing between alkali
metal cations and the dianions of TCNE and TCNQ in acetonitrile; the half wave
potentials (E1 /2) of the second reduction waves varied with electrolyte, while the
half wave potentials of the first reduction waves did not [3). Further evidence for ion
pairing comes from the electrolyte dependence of the CNN stretching wavenumbers
of TCNE 2 - and TCNQ 2 -. Tables 3-5 compare the half wave potential of each
reduction wave in the TCNE/AN, TCNQ/AN, and TCNQ/DMSO systems with
the difference in average CwN str wavenumber between the oxidized and reduced
species. Also shown is the splitting between the two CwN str bands of the reduced
species. A number of points are apparent from these Tables:

TABLE 4

mo di~i~~ m ad iarheM data for the redcwiom of TCNQ and TCNQ i ain tnrile

Rimca TCBQ e- -* TCNQ- TCNQ- + t- - TCNQ2-
demrl" ete T-A Na +  L+ Ti Na+  Li

E,*/V (v& AL/A8 ) -0.11 -0.11 -0.11 -0.66 -0.63 -0.52
CN dewmme/ca-' 55 55 55 39 36 27

,'C? Slitnian- 26 26 26 47 47 48



12

TABLE 5

mavelmncal and infrared data for the feductioa of TCNQ and TCNQ'- in DMSO

Reaction TCNQ+ e- TCNQ'- TCNQ'- + e- - TCNQ 2 -

elecuolyte cation TBA. i TBA. i +

Ej/2/V v. SCD +0.29 +0.29 -0.26 -0.26
vc.' decrem/em- 1  54 54 39 39

a uplCpiid/waz- 27 27 47 47

(i) For neither anion radical is there any evidence of ion pairing with alkali metal
cations.

(ii) The half wave potentials for reduction of the anion radicals to the dianions
[31 in acetonitrile become less negative when TBAF or TEAP electrolytes are
replaced with lithium or sodium perchiorate. This shows that the dianions are
stabilized by interaction with tl* small alkali metal cations.

(iii) L + causes a greater positive shift in E1/2 than do Na + [3). It was
determined that the ion pairs are of the contact rather than th solvent separated
type.

(iv) When the half wave potentials indicate that ion pairs are formed, shifts in
the CnN str wavenumbers are also observed. In fact, ion pairing causes a shift to
higher wavenumber which is roughly proportional to the positive shift in E1/ 2. To
see why this is so, we point out pertinent information regarding the structures of the
ion pairs. It is most likely that only one cation interacts strongly with each diamon,
because decreasing the the concentration of metal ion fails to reveal any new bands.
This cation would probably be situated in the center of the ,-electron cloud above
the molecular plane of the dianion; a less symmetrical location would give rise to
four IR active CuN stretch modes, instead of the two which are observed. (This
location would also nicely account for the infrared activation of the central C=C
bond in the TCNE2-- Li complex.) According to a simple electrostatic model,
placing a cation over the central C-C bond of TCNE2 - would increase the
contribution, of resonance structures such as

N

/
/" C

relative to structures such as

• o~o/%C CO

... ... .. , m-m auI~l II m llil l
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Similar considerations apply to TCNQ 2 -; placement of a cation over the center of
the six-membered ring would increase contributions from resonance structures
where the C-N triple bond is intact. This accounts qualitatively for the increase in
CN str wavenumber caused by ion pairing. (Note that if the cation was associated
with an N atom, a decrease in CoN str wavenumber would be expected.) According
to this model, then, the shift in E 1,2 and shift in CN str wavenumber are related;
neglecting changes in solvation of the diamon and cation, the shift in E1,2 measures
the energy of electrostatic interaction of the cation with the negative charges on the
diamon, and the shift in ic measures the ability of the cation to pull negative
charge off the nitrogen atoms and towards the center of the molecule. Therefore
both the shift in E,, 2 and the shift in Fc increase with decreasing size of the cation
and decreasing size of the dianion.

(v) While the average position of the C-N str bands of the dianions are affected
by ion pairing, their splitting is predicted to be independent of ion pairing
interactions. In fact it appears that the difference in the two C-N e'w,,h bands for
the dianions is directly proportional to the charge per r-bonded atom in the
molecule, the constant of proportionality being 390 cm" -1.

(vi) There is no strong ion pairing between TCNQ2 - and Li + in DMSO.
Presumably the loss of solvation of Li upon ion pair formation makes this process
unfavorable in DMSO. (The solvation energy of Li is higher in DMSO than in
acetontrile, the Gutman donor numbers in these two solvents being 30 and 14,
respectively (27].)

CONCLUSIONS

(i) Strong contact ion pairing takes place in acetonitrile between alkali metal
cations and the dianions of TCNE and TCNQ. The spectra of the ion pairs are quite
similar to the solid state spectra of the dianions.

(ii) Ion pairing shifts the C-N stretch bands of TCNE 2- and TCNQ 2- to higher
wavenumber without changing the number of these bands nor the splitting between
them. This is consistent with location of a cation above the central C-C bond in
TCNE 2- and above the six-membered ring in TCNQ 2- .

(iii) Ion pairing appears to make infrared active the (totally symmetric) C=C
stretching vibration of TCNE 2 .

(iv) The spectrum of TCNE2- in acetonitrile is the same in the presence of TEAP
as it is in the presence of TBAF. This means that the large difference in the
standard heterogeneous rate constant of the TCNE'-TCNE 2 - couple in these two
systems [3) cannot be due to differences in the structure of the dianion, and must
instead be due to surface effects such as distance dependent electron transfer rates
or different potential distributions in the double layer.

(v) There is no strong ion pairing in acetonitrile or DMSO between alkali metal
catioms and the anion radicals of TCNE and TCNQ. The spectra are very different
from the solid state spectra of TCNE'- and TCNQ'- for that reason.

(vi) There is no strong ion pairing in DMSO between Li and TCNQ 2 - ,

probably because of strong solvation of U+ by DMSO.
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