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FIG.-22. — Schematic stack of RIS with smull counter-ions.
This figure is taken from the crystulline structure of
Csy — TCNQ, (projection 100). Stacks are ‘parallel to
b axis (afrer [29]). ‘ L
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TABLE IX

Overlap (6x, 8y) and distance (d) between two conse-
cutive molecules in regular chains (fig. 21). The dis-

tances (d') between counter-ions are taken in the -

stack direction. The CTC ITF - TCNQ and
ITT — TCNQ, appear twice: one Jor the TCNQ
chains and once for the TTF or TTT chains. Systems

are listed with mcreasmg distance (d). For the

meaning of 3x and 8y see text and Sigure 19.

TCNQ - |

“la)

TaeLg XIT
Some typical Van der Waals distances ([?6], p. 260).
(1) This value is the half of the intermolecular distance
between two consecutive TCNQ molecules in a stack
in neutral TCNQ crystals [75].

Van der Waals Radii of atoms

L]
Ho 1.2 A
- .
8 LS A
’ L]
0 1.0
€l -1.80 A
. .
t 2.5 A

. L)
Radiug of methy! group, CHye 2.0 A

. L]
Half thickness of aromatic. molecule, 1,70 A

Half thickness nf( [B]

CSYSTEM d ix sy St A " ReF. . 1) _
A . . counter-ions -F .
A A
—_ = x = =
TTF-TCHg @ ) 2.15 oTC 16 : .
TIT-10N, 3.18 _ . T T4 y '
- Q-TEND, 3.22 o 2,15 31.50 40
{c)

Ac=TCNG, 3.25 n.09 2.08 - 3,42 a2 :

NMP-TCNQ 1.26 0 Conm 3.36 43

THPD I 3.38 ~ 4,80 '5.92 50

Cr complex-TCHQ 3.42 1.08 0.06 non plamar FIG. 19, ~ Typzcal overlaps for consecutive ma{'ecu[e:

caunter=1on
in stacks of TCNQ.
Rb-TCHQ(II) 3.83 ~ 0 192 3.39 8 a) ng-external bond overlap d(AB) = 3.25 A; p) ng-
- ITF-TCNG @ o 1.a3 cTe 14 ring overlap 4(BB') = 3.24 A; ¢) Unusual overlap
K-CA 157 aes s 370 81 -~ d(BB") =343 A, a) and 5) have been obtained by [35]
TI-Tev, 3.52 — ” - on 'l%dorphohmum)g-TCNQa and ¢) by {41] on NPQl
THRU-CL0, 1.55 ~oa0 ~ 5.0 5.94 51 — TCNQ,.
N
N



<71

Schematic representation of the TTF-TCNQ structure.
Note that the: molecular plane is not perpendicular
to the stacking axis b ([010]) but tilted around
the a axis ({100]), that there are two identical

molecules with opposite tilts for one repeat unit
elong the ¢ direction ([001]), and that there are
alternatively TCNQ and TTF stacks in a direction.
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~ Crystal structure of TTF-TCNQ projected along the a-

axis.
TABLE I
Electrenically .Significani: Interchain Contacts
| : S van der Waals
Contact Number Distance, A Distance; A
TIF-TCNQ SN (a) 2 3.20 3,35
SeeoN (3 2 3.25 3.35
Craafi—to} = =23 ===
TMITF-TCNO SN 2 3,45 3.35
' Seee8 2 3.66 3.70
TMDSF-TCNO Sere N 2 3.36 3.50
Se«++Se 2 4.00 - 4.00
Se«-N 4 3.10 3.50

EMISE-TCND
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Fig. 5 ud Preferred stacking arrangement of TONQ ions. Positive and negative
signs of 1he bye-py orbitals abaeve the plyne of cach molecule are indicated,

b] LCAO-MG energy schene for {TCNQ ), assuming that Coulomb repul- -

sion between eleetrons is small. ¢ Same as (b) but with large Couilomb
repulsion. ’

FIG. 25. — Schemaric overlap of the p, orbitals of carbon
atoms between two consecutive TCNQ in the geometry
of the stack of TTF— TCNQ. '
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Caﬁuns_of Class 1 TCNQ Salis with 'I'ln'ir‘3ll'0 K

CH
NCen o G
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Fig. 4. Stacking ananpement for mixed-valence 1N jons:, a) TCONQS
with aramatic sextel sanefers charge lo neutral TONQ with no ansmalticily
resuliing in bj and then again in ¢). Aromaticily, migrstes down the TCNQ
stack along with the wapaired electron, ’
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Powdir Conductivities and Peak Reduction Potentials, Ey

Rel. ol Yem ) EpleVi
+ . 5 7
Na 15,40 50-52) 31075 -3.0
(i kot ety (10742106
H
I o
tricthylammonium {TEA] HgCy — N = C,Hg . I5,25) 1079 -2.8
I - . ’
lernmonium NH,*} C H, 15.25) {2x1075)
H
H'\ N
morphioliniam {Morph ) E + j [5,25,49) 108 -2.8
. .
) e CH
N-methylsyridinium [NPy) )2 {s) 10-5 128
: ;uva;u:.bl;ullll EN 15T {107 %)
" {4-cyano- NMPy) I * 18] © 08
Z ' "
c:—t3
. P N\
N-_Jr-elhylpyr'azinFu_rn INNMPyz) E+) {24} | .3.): 1078 ~0.73
o
- N .
N-methylquinolinium {NMOn] CH, 15,25] - 1077 -0.86 -
' )
{4-cyano- NMOn) N 18] (o4
{8-hydroxy~-NMQn) ¢ 6l “(zx w7t
/
CH,
| !
L2078 0,41

‘N-methylacridinium [NMAd]
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Table U (Cjo-we.‘:ﬂ:) . ‘ .
Cations of Class Il TCNQ Salts with Their 300 K Powder Conductivities and Peak Reduction Potentials, B (after ref 22)

Reference o(ﬂ“_cm") ' __Ep(eVl 7 _
' CH, i
! L -
N ' )
N-methylphenazinium  [NMP) {6,24,25,48) . 2 -0.11
N .
§ - 45 : .
tetrathiafulvaliniom  [TTF) l[’>”<j’ {10,11,53} 10 +03
. fetrasefenafutvalinium  [TSeF]} g 'S ‘ {12,42] {18) . © #+0.44)

) Se Se . : . _
hexamethylene - T&eF [HMTSF] <I .>.__.<+ D [14,54) 25 +p_41
Se Se : : . .

A 4, 4 bithiopyranium [BTP) S e + S I3 1 +0.08

iy

2516 2432
25387 Nalif

S %, 2499
R TTY SN

FIG, 10, — Crystalline structure of 1 : } RIS Na— TCNQ.
(profjection 100). Borh crystaliographically inequivalent
TCNQ (Land 11) are stucked parallel 1o a axis



Rb ) -23ey :m
RO 3z [Ty
R meemcma
Ny  —

0 BV

TP 417 TR
NMP 405 T EEEESs

A graphical representation of the Madelung energies
and values of (I-A), illustrating the differences in both of these
quantities between salts of class I and those of class 11

102}~ | oo T:J"a' | |
o(300°K} - —
t, =
;8T
[ o o
= .+|_|_ —
£y 03
: [ 2] & ;_
e
| . —
N fonic | [ Mixed | - Neutral
- Valence ]
- Ciass | _ I
£1072— _ -
T p=1 p<1 p=0
&
=} - .
. < o
L
g
+ O :
=) . 4}
< 'Tf. c
. %
<z :
. o F g
. . -1
5 IN&IV 5 GJ\'
= c
2 = -
= - ok a4 &
oo ® o0 o QJ' :
! i | ]
0 T+

Ep(eV vs. SCE)

The conductivity of the known 1:1 TCNQ salts plorted
Vs. the reduction potential of the cation. '

.- Arrows represent the direction of
Madelung energy. . of the gffect of



/2

SIMPLE {1:1) COMPLEX (1:2)
g Low HIGH INTERMED, HIGH
CLASS ! I u v
EXAMPLE * K-TCNQ@  TTF-TCNQ TEA-TCNG, Qn-Tena,
C.T.COMPLETE? YES . pp YES NO
#(TCNGQ) p=1 p<t p=1/2 p<1/2
SCHEMATIC t D r D D : D '
~energy | ~U

STATES 1
OF TCNGQ - ) .
STACK I D . D
P = ~v ) —
Z Z
FIGURE 3. How thé TCNQ salts are classified on the basis-of the mﬁgniludc of their

conductivity and are interpreted in terms of different values of 2y the average number of
unpaired clectrons per molécule,
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Fig. 2. The phase diagram showing the four different phases

found for 1:1 charge transfer systems and showing how these. phases
are determined by the stacking and the strength of lonicity {the
degree of charge transfer). ‘ i
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' N-propylquinolinium?2-84 [NpQn]

TasLE 2 .
THE CATIONS OF COMPLEX TCNQ SALTS, DIVIDED INTO Crass [11 anp [V

Class 11 Cations
(1:2 salts unless noted)

H
cs+2.39.53 (2:3) i .
triethylammoniym?2-66 [TEA) Hg Gy~ N = 02 H5
|
Gy Hg

{4-cyano-N-methyl Qn [CNNMQn]} -

CH
‘methyl-triphenylarsonium3% 85 M ¢y Asl N’ 3
{Me 9 P) 5 ¢-As'-g
I
¢
. . . HSC\
NN,N*, N’ -tetramethyl-p-phenylenediamine 74 [TMPD] /
H,C
3.3-diethyithiazolinocarbocyaninium? [Et2 Tz CC) $
{intermediate conduttivity form) 1 CH«GH—-CH J\N -
oy 2Hg
4-4' Bipyridinium16.17 H-N + St N_H
= - T A\

1.2-di {N-ethyl-4-pyridinium) ethylene87 [DEPE] {1:4)

{form 11) ‘ i ‘
Hg €y~ N@CH - CH—@N ~C, Hg




TasLe 2 (Continued)

Class 1V Cations
(1:2 salts unless noted)

quinolinium337.69 {Qn)
{N-methy! Qn, phase A)

‘a4
v
acridinium3 370 [ ad]
{N-methyl Ad}
§—35§
tetrathiotetracene 7! [TTT} ‘ OOOO
§—8

3,3-diethylthiazolinocarbocyaninium® [Et, Tz CC]
(high conductivity form)

H |
CaHg

.2-2' B,ipvridiniamwv” | \ +/ \+ /
N N
' | |
H H

1,2-di {N-ethyl-4-pyridinium} ethylene®? [DEPE] (1:4]

(form I} g 7 ! / N\

4 :
-10 1 1 ] |

g

JeLass v

o~ 0 —
- 10_ ) -CLASS 11}
e I 1
L .
T
g
o 1077} -1
1w -
1.2 TCNQ SALTS
10-5 N 1 . | ;
o B [, _200 300 400 500
T(°K}

FiGure 2. The temperature dependence of the conductivily of a number of complex
TONQ salts, ilustrating how they can be dwudcd into two classes (11 and IV}, {For mean-
ing of abbrcvmnons. sce TABLE 2.) .
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