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CHARGE-TRANSFER SALTS 
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Baltimore,  MD 21218, U.S.A. 
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Applied W y s i c s  Laboratory, The Johns Hopkins 
Universi ty .  Laurel ,  MD 20207, U. S.A. 

Abstract:  
t r a n s f e r  s a l t s  analogous t o  T"F TCNQ have been 
ca l cu la t ed .  I n  uniform a s  we l l  a s  s l i g h t l y  dimerized 
segregated-stack c r y s t a l s  t h ree  (HMTSF TNAP, TWTSF 
TCNQ(black), TKlTF TCNQ) have an unusual t i t l e d  
s t r u c t u r e  wi th  very poor counter ion coordinat ion and 
anomalously low values:  two (TTF TCNQ, TSF TCNQ) 
belong t o  a 'normal-I' s t r u c t u r e  type,  with s h e e t s  of 
s t acks  of donors next t o  shee t s  of s t acks  of 
acceptors ;  seven ( H M T F  TCNQ, HMTSF TCNQ, HhpITF 

TCNQPZ) have a 'normal-11' motif ,  wi th  a checkerboard 
a l t e r n a t i o n  of donor and acceptor  s tacks;  the EM 
values  f o r  normal-I s t r u c t u r e s  a r e  s l i g h t l y  lower than 
those fo r  normal-I1 s t r u c t u r e s .  F i n a l l y ,  t h r e e  (DBZTF 
TCNQF2, DB'ITF TCNQ, TMTSF TCNQ(red) 1 have mixed-stack 
s t r u c t u r e s ,  with the highest  Madelung energies .  

The Madelung energies  EM of 15  charge- 

TCNQF4, HMTSF TCNQF4, DBTSF TCNQF4, DB"F TCNQF4, 'ITF 

INTRODUCTION 

The s t rong organic  one-electron n-acceptor 7,7,8.8- 

tetracyanoquinodimethan (TCNQ) was synthesized by du Pont 

chemists i n  196O;la2 the very i n t e r e s t i n g  chemistry of 

organic donor-acceptor s a l t s  a t t r a c t e d  considerable  e a r l y  

a t  t en t ion ; -' t h e  qua s i-me t a 1 1 i c a n i  so t r o p i c  e 1 e c t r i ca 1 
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116 F.  M. WIYGUL. R.  M. METZGER AND T.  J .  KISTENMACHER 

conductivity of N-methylphenazinium TCNQ has been known 
since 1965.7 However, it was the synthesis of the good 

organic one-electron n-donor tetrathiafulvalene (TTF) in 
19708 and the quasi-one-dimensional metal TTF TCNQ 
which ushered in a lively era of interactions between 

physicists (interested in low-dimensional electrical 

conductivity and superconductivity) and chemists 

(interested in synthesis and in correlations of structure 

with physical properties). An intensive synthetic program 
at Johns Eopkins University has prepared a great number of 

chemical variations of 

(see Fig. 1) with a consequent wide spectrum of structural 

and conductivity properties. 

9-13 

and TCNQ and their c o m p l e x e ~ l ~ - ~ ~  

REVIEW OF TEE COHESIVE ENERGY PROBLEM 

Despite considerable e f f ~ r t , l ~ - ~ ~  the theoretical 

understanding of the cohesion of these ionic, neutral, and 

partially ionic donor-acceptor crystals has lagged behind 

their synthesis. Slowly, experimental cohesive energy data 

are becoming a~ailable.~~-~' 

range of electron donors (D) and acceptors (A)  (see Table 

I)  one does obtain several crystal lattice stacking modes 

and degrees of ionization (Mulliken charge transfer p ) .  I n  

fact, to update Soos' nomenclature6 of these possible 

lattices, we present a modest extension of his nomenclature 

in Table 11. 

Given a chemically narrow 

The experimental cohesive energies indicate that MSRN, 

MSRI, and SSRP lattices, such as anthracene TCNQ, TMPD 
TCNQ, and lTF TCNQ, respectively, are thermodynamically 
stable to the same extent, relative to their solid or 

gaseous neutral constituents D, A. 28#29 Therefore the 
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MADELUNG ENERGIES OF HETEROFULVALENE TCNQ SALTS 117 

X=S TTF 
X=Se TSF 

X=Se TMTSF 

NC "'rn 11 
TCNO 

CN 

NC CN 
' F  

2,5-TCNQF2 

TCNQF4 

clc)4xD lX N N*N i J  

X=S DBTTF 
X=Se DBTSF TNAP 

FIGURE 1. Homologs of  TTF and TCNQ. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
28

 2
0 

Fe
br

ua
ry

 2
01

3 



TA
BL
E 
I 

Mo
le
cu
la
r 
Pr
op
er
ti
es
 o
f 
El
ec
tr
on
 D
on
or
s 
an
d 
Ac
ce
pt
or
s 

Fi
rs
t 

Se
co
nd
 

El
ec
tr
oc
he
mi
ca
l 

Ha
lf
-W
av
e 
P 
te
nt
ia
l'
 

El
l2
 

El
 1

7 

0.
27
" 

0.
64
" 

0.
24
" 

0.
61
" 

0.
27
" 

0.
60
" 

0.
42
" 

0.
70
" 

0.
35
" 

0.
59
" 

(0
.3
5)
" 

0.
5g
n 

9 

- 
- 

- 
- 

0.
17
" 

- 
0.
53
" 

- 
- 

- 

Mo
le
cu
la
r 

Vo
lu
me
 

in
 C
ry
st
al
 

Vn
(A
3)
 

20
2.
1a
 

29
6.
 gb

 
30
5.
5'
 

22
2.

 I
d 

33
5*
 

34
8.
4 

3
~
8
.
4
~
 

28
O.
Oi
 

31
6.
6e
 f h 

25
6.
3 

26
7.
6'
 

Se
co
nd
 

Io
ni
za
ti
on
 

Po
te
nt
ia
l 

I:
, (
4
 

(1
1.
2)
P 

Ga
s-
Ph
as
e 

El
ec
tr
on
 

Af
fi
ni
ty
 

AA
(e
V)
 - 

Se
co
nd
 

El
ec
tr
on
 

Af
 f
in
it
v 

A7
 (e
v)
 

- 

Ga
s-
Ph
as
e 

Io
ni
za
ti
on
 

Po
th

ti
al

 
In
(e
v)
 

6.
 

Mo
le
cu
le
 

TT
F 

TM
TT
F 

HM
TT
F 

TS
F 

TM
TS
F 

HM
TS
F 

DB
TS
F 

DB
TT
F 

TC
NQ
 

TC
NQ
F4
 

2,
5-
TC
NQ
F2
 

6.
42
l 

6.
 40

m 
(7
.2
1)
" 

6.
50
 1
 

- 
(7
.0
)O
 

TN
AP
 

- 
- 

- 
- 

- 
- 

- 

aR
ef
. 
31
 
bR
ef
. 
32
 
cV
m(
TM
TT
F)
+1
8 

Vm
(T
MT
SF
)+
Vm
(T
TF
)-
Vm
(T
MT
TF
) 

eR
ef
. 
33
 
fR
ef
. 
43

 
gV
m(
DB
TS
F)
+V
m(
TM

TS
F)
-V
m(
TM
TT
F)
 

hR
ef
. 

35
 
iR
ef
. 
36
 
jV
m(
TC
NQ
)+
ll
.3
2 

kR
ef
. 

37
 
'R
ef
. 

38
 

Re
f.
 3
9 

"R
ef
. 

40
 
'R
ef
. 

41
 
'R
ef
. 

42
 
'R
ef
. 

43
 
rR
ef
. 
44
 
'V
ol
ts
 
ve
rs
us
 S

CE
 i
n 
CH
3C
N 

m
 

d 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
28

 2
0 

Fe
br

ua
ry

 2
01

3 



1
) 

ST
A

CK
IN

G
: 

T
ab

le
 I

1
 

E
x

te
n

si
o

n
 o

f 
S

oo
s’

 
C

la
ss

if
ic

a
ti

o
n

 S
ch

em
e 

(R
ef

. 
6

1
 

S 
=

 
S

eg
re

ga
te

d 
S

ta
ck

s 
(D

DD
DD

 
an

d 
A

A
A

A
A

) 
M 

=
 M

ix
ed

 
S

ta
ck

s 
(D

A)
 

L 
=

 L
on

e 
D

im
er

s 

2
) 

ST
O

IC
H

IO
M

ET
Et

Y
: 

S 
=

 
S

im
pl

e 
(1

:l
 D

:A
 

ra
ti

o
) 

C 
=

 
C

om
pl

ex
 

(n
:l

 o
r 

l:
n

 D
A 

ra
ti

o
) 

B 
=

 
B

e
rt

h
o

ll
it

ic
 (

no
n-

in
te

ge
r 

D:
A 

ra
ti

o
) 

3
) 

IN
TE

RM
O

LE
CU

LA
R 

D
IS

TA
N

C
ES

: 

R 
=

 
R

eg
ul

ar
 

A2
 

=
 

A
lt

er
n

at
in

g
, 

D
ia

ds
 

A3
 

=
 A

lt
er

n
at

in
g

, 
T

ri
ad

s 
A4

 
=

 
A

lt
er

n
at

in
g

, 
T

et
ra

d
s 

4
) 

IO
N

IC
IT

Y
, 

or
 V

A
LE

N
CY

: 

N 
=

 
N

eu
tr

al
 M

ol
ec

ul
ar

 S
o

li
d

 
(m

o
st

ly
) 

P 
=

 
P

a
rt

ia
l 

Io
n

ic
it

y
. 

M
ix

ed
-V

al
en

t 
D 

=
 

P
a

rt
ia

l 
Io

n
ic

it
y

, 
D

is
cr

et
e 

V
al

en
ci

es
 

I 
=

 F
u

ll
 I

o
n

ic
it

y
 (

m
o

st
ly

) 

E
xa

m
D

l e
 

TT
F 

TC
N

Q
 

TM
PD

 
TC

NQ
 

NB
P 

TC
N

Q
 

A
nt

hr
ac

en
e 

TC
N

Q
 

TT
F 

TC
N

Q
 

C
s2

TC
N

Q
3 

TM
PD

 
TC

NQ
 

C
la

ss
if

ic
a

ti
o

n
 

- S S
R

P 
- lIS

R
I 

- LS
R

I 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
28

 2
0 

Fe
br

ua
ry

 2
01

3 



120 F. M. WIYGUL, R. M. METZGER AND T. J. KISTENMACHER 

choice of mixed s t a c k s  v e r s u s  segrega ted  s t a c k s  i s  probably 

made by a s u b t l e  i n t e r n l a p  between t h e  c o s t  of i on iz ing  

some o r  a l l  of t h e  D,A.  ( i o n i z a t i o n  p o t e n t i a l  ID, e l e c t r o n  

e f f i c i e n c y  AA) and t h e  consequent i n c r e a s e  i n  cohesive 

energy (Made 1 u n g  , po 1 a t  i z  a t  i on  

d i s p e r s i o n  e n e r g i e s ) .  

charge- t r ans  f e r de pe nde n t 

The e a r l y  s t ~ d i e s " ~ ~ *  concen t r a t ed  mainly on t h e  

Madelung energy  EM. However, t h e  p a r t i a l l y  i o n i c  l a t t i c e  

( 0  < p < 1 1 ,  which i s  t h e  common f e a t u r e  of a l l  t h e  known 

good organic  conductor and superconductors ,  cannot be 

s t a b i l i z e d  i f  on ly  p(ID-AA)+p2Q i s  cons idered  f o r  l a t t i c e s  

w i t h  uniform change t r a n s f e r  p .  One can o b t a i n  shallow 

cohes ive  energy minima2' a t  i n t e rmed ia t e  charge t r a n s f e r ,  

i f  one computes EM f o r  t h e  seve ra l  p o s s i b l e  Wigner l a t t i c e s  

t h a t  a r e  c l o s e  i n  EM; these  Wigner l a t t i c e s  can minimize 

short-range Coulomb r e p u l s i o n  along t h e  segrega ted  s t acks ,  

bu t  then  dynamic charge  c o r r e l a t i o n s  must be invoked t o  

, 'de tune"  t h e s e  "frozen" Wigner l a t t i c e s  and r e g a i n  t h e  

exper imenta l  average l a t t i c e . 2 0  Other s t u d i e s  

e s t a b l i s h e d  t h e  importance of t h e  charge- t ransfer -  

independent London d i s p e r s i o n  (Ed) and r e p u l s i o n  (E,) 

ene rg ie s  i n  t h e  c a l c u l a t i o n  of a b s o l u t e  cohes ive  

energ ies .  21-27 

charge-transfer-dependent d i s p e r s i o n  energies4'  were 

hampered by inadequate  CNDO/Z-FP atom-in molecule 

p o l a r i z  ab il i t  i e s .  46 

p o l a r i z a b i l i t y  a lgo r i thm has  been developed47f48 b u t  it i s  

t o o  slow f o r  molecules of t h e  s i z e  of TTF o r  TCNQ. 

21-27 

Some e f f o r t s  t o  e v a l u a t e  p o l a r i z a t i o n  and 

A s a t i s f a c t o r y  CM)o/S-FPP 

A. N. BMCH'S THEORY 

A comprehensive theory  has been developed (bu t ,  a l a s  not 
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MADELUNG ENERGIES OF HETEROFULVALENE TCNQ SALTS 121 

He showed t h a t  y e t  published i n  f u l l )  by A. N. B l o ~ h . ~ ~ - ~ ~  

the  cohesive energy of a m e t a l l i c  molecular c r y s t a l  (= 

energy of t he  c r y s t a l  r e l a t i v e  t o  t h a t  of i t s  n e u t r a l  

gaseous components) can be w r i t t e n  a s :  

(1) AE = [p(ID - AA) + E~(p)l + (P(P-1)DI  
+ ( E ~  - E,) + PEA + a t )  

1 2  Here EM ( p )  i s  w r i t t e n  a s  the power s e r i e s  -Mo-pMl -p~ %, 
with c o e f f i c i e n t s  determined by c a l c u l a t i o n s  of a t  p = 

0. 1, and 2 (no Wigner l a t t i c e s ! ) .  

t r a n s f e r  dependent d i spe r s ion  energy; e ( t )  i s  the 

d i f f e rence  between two small q u a n t i t i e s :  the zero-point 

energy of t he  plasmons and the one-electron t ight-binding 

energy. The term i n  square brackets  i n  Eq. (1) i s  what was 

considered previously;  ”*18 the underlined terms a r e  

es t imated by Bloch from o p t i c a l  data .  The t r u l y  new and 

s i g n i f i c a n t  term i s  the term enclosed i n  braces:  it can 

s t a b i l i z e  the  p a r t i a l l y  i o n i c  s t a t e .  

value of the unscreened Hubbard on-si te  r epu l s ion  U: D can 

be estimated from 

pEi i s  the charge- 

D is the average 

D = [(I2 - ID) + (AA - %)I12 (2 )  

where 12, % a re  the second ion iza t ion  p o t e n t i a l  and 

e l e c t r o n  a f f i n i t y ,  r e spec t ive ly .  Brief  d i scuss ions  of Eq. 

(1) can be found i n  Refs. 45 and 51. The experimental  

i ng red ien t s  f o r  c a l c u l a t i o n s  of AE a r e  values  of ID, AA, 
12, +, and o p t i c a l  da t a  necessary f o r  the c a l c u l a t i o n  of 

Ed, Er, and Ed: t he  computational da t a  a re  EM values  a t  p = 

0, 1, and 2. In unpublished r e s u l t s  51’52 Bloch has  shown 

t h a t  Eq. (1) p r e d i c t s  a charge t r a n s f e r  p = 0.63 f o r  lTF 

TCNQ (0.59 i s  observed) and AE = -2.2 eV (-2.3 eV i s  

observed).28 The present  r epor t  i s  a summary of Madelung 

energy c a l c u l a t i o n s  s t a r t e d  by two of us (FMW and RMM) i n  

1979 on the Johns Hopkins ITF TCNQ homologs. I d e a l l y  such 

? 
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122 F. M. WIYGUL, R. M. METZGER AND T. J. KISTENMACHER 

c a l c u l a t i o n s  would follow, o r  be combined with,  t he  f u l l  

p re sen ta t ion  of the d e r i v a t i o n  of Eq. (1). I n  eager  

a n t i c i p a t i o n  of t he  pub l i ca t ion  of A. N. Bloch's theory i n  

i t s  f u l l  form, we r e p o r t  here  our  EM f i n d i n g s  s o f a r ,  and 

d i scuss  the s t r u c t u r a l  reasons f o r  t he  t r ends  i n  the 

c a l c u l a t e d  Madelung energies .  

CALCULATIONS 

For the 15  c r y s t a l s  l i s t e d  i n  Table I11 the atom-in-molecule 

( p a r t i a l  p o i n t )  charge d i s t r i b u t i o n s  (= core charge minus 

Mulliken gross  atomic populat ions)  were determined by 

IN DO^^ (by cNDo/276 f o r  S and Se77 - containing molecules) 

using program CNINDO'I8 and the molecular geometry obtained 

i n  each c r y s t a l  s t r u c t u r e ;  t h i s  was done s e p a r a t e l y  f o r  the 

n e u t r a l  molecules ( p  = 0 ) .  t he  r a d i c a l  anions and c a t i o n s  

( p  = 1). and the dianions and d i c a t i o n s  ( p  = 2)  The 

energies  which a r e  quoted t o  +O.OOl eV i n  Table I11 were 

obtained with programs CELMAP7' and EWALD7' (us ng the two- 

s e r i e s  Ewald" method: convergence t o  eV). For H M T F  

TCNQ and f o r  HMITF TCNQF4 ( p  = 1) the EM values  were 

ca l cu la t ed  by the  IBM group by the Ewald  neth hod.^^'^^ 
t h e  r e s t ,  t he  s ing le - se r i e s  Bertaut" method was used; the 

Bertaut  s e r i e s  ene rg ie s  were found t o  agree wi th  the Ewald 

s e r i e s  ene rg ie s  t o  w i t h i n  50.01 eV. 

For 

The 15 TIT TCNQ homologs l i s t e d  i n  Table I11 range from 

segregated-stack t o  mixed-stack s a l t s ,  and from metals t o  

poor semiconductors. I f  one looks c a r e f u l l y  a t  t h e i r  

c r y s t a l  s t r u c t u r e s ,  four  d i s t i n c t  types of s tacking can be 

i d e n t i f i e d  (Fig.  2 ) .  The MSRP l a t t i c e  type shows how 

organic  Mulliken charge-t ransfer  s a l t s  mimic the NaCl 

l a t t i c e :  a sheet  of D and A molecules (wi th  p a r t i a l  charge 
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Segregated stacks - Mixed stacks 

L 

"Normal I" "Normal 11" "Anomalot IS'' 

FIGURE 2. Stacking possibilities among the 
heterofulvalenc TCNQ salts 
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MADELUNG ENERGIES OF HETEROFULVALENE TCNQ SALTS 125 

t r a n s f e r  p )  i s  superposed by a shee t  of  A and D molecules,  

r e s p e c t i v e l y ,  t o  provide  a very  d i s t o r t e d  octahedron of 

coun te r ions  around each ion. Th i s  arrangement y i e l d s ,  

r e l a t i v e l y ,  t h e  l a r g e s t  Madelung ene rg ie s .  The segrega ted  

simple l a t t i c e s  e x h i b i t  t h r e e  d i f f e r e n t  packing geometries,  

a s  observed i n  the  plane normal t o  t h e  s t ack ing  a x i s :  ( i )  

they  a t t a i n  a rough four-fold in-plane coord ina t ion  of 

a t t r a c t i v e  coun te r ions ,  around each ion  ( t h e  Normal-I1 (N2) 

s t r u c t u r e ,  e.g. EMTSF TCNQ) o r  (ii) t h e y  show two r e p u l s i v e  

(D-D) and two a t t r a c t i v e  (D-A) i ons  around each D ( t h e  

Normal-I ( N l )  s t r u c t u r e ,  e.g. TTF-TCNQ) o r  (iii) t h e  N2 

s t r u c t u r e  i s  modified by t w i s t i n g  the  molecules around 

t h e i r  c e n t e r s  of symmetry ( t h e  Anomalous ( A )  s t r u c t u r e ,  

e.g. TMITF TCNQ). 

Table  111 a r e  p l o t t e d  a s  a func t ion  of p i n  Fig.  3. 

The Madelung e n e r g i e s  r epor t ed  in 

The t h r e e  SSRP(A) s a l t s  ( H W F  TNAP, the  b l a c k  form of 

m S F  TCNQ, and TMRT TCNQ) a r e  a l l  o rgan ic  me ta l s ,  and t h e  

Madelung e n e r g i e s  c o n t r i b u t e  t h e  l e a s t  binding. In f a c t ,  

f o r  p = 2 t h e  SSRP(A) s t r u c t u r e  has  a r e p u l s i v e  EM. This  

r e s u l t  i s  r emin i scen t  of t h e  zero8' o r  pos i t ive83  

c a l c u l a t e d  f o r  NMP TCNQ, a s i t u a t i o n  r e l i e v e d  only  when 

Wigner l a t t i c e s  a r e  cons idered ,  o r  charge d i s t r i b u t i o n s  a r e  

s e r i o u s l y  a l t e r e d .  84 

A s  coun te r ion  coord ina t ion  inc reases ,  i . e .  a s  one goes from 

SSRP(A) t o  SSRP(N1) t o  SSRP(N2) t o  SShI (N2)  t o  MSRP 

l a t t i c e s ,  t h e  EM va lues  a t  p = 1, 2 inc rease  g radua l ly ,  a s  

expected (Fig.  3 ) .  

s t r i c t l y  zero :  t h i s  e f f e c t  was neglec ted  i n  Fig.  3. 

A t  p = 0 t h e  EM va lues  a r e  not  a l l  

The I$, v a l u e s  a t  p = 1.2 show more "one- 

d imens iona l i ty"  ( l a c k  of Coulomb a t t r a c t i o n )  f o r  t h e  N 1  

s t r u c t u r e s  than  f o r  t he  N2 s t r u c t u r e s .  No s i g n i f i c a n t  
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MADELUNG ENERGIES OF HETEROFULVALENE TCNQ SALTS 127 

t r ends  a re  seen when one passes  from regu la r  t o  a l t e r n a t i n g  

N2 s t r u c t u r e s ,  i .e. from SSRP(N2) t o  SSAZP(N2) s a l t s .  

F i n a l l y ,  W S F  TCNQ i s  dimorphic: t he  red c r y s t a l s  have a 

p o t e n t i a l l y  high EM, but  a r e  i n s u l a t o r s  w i th  low charge 

t r a n s f e r ,  whereas the black c r y s t a l s  have low EM, higher  

pexp, and a r e  exce l l en t  organic metals.  

The experimental  i o n i c i t i e s  p given i n  Table I1 were 

obtained by a v a r i e t y  of i n d i r e c t  techniques.  

The experimental  packing r a t i o s  reported here  a re  

def ined a s  PR = [Vm(D) + Vm(A)I /Vm(DA):  t h e i r  use was 

pioneered by K i t a o g o r ~ d o s k y ~ ~  and f irst applied ex tens ive ly  

t o  organic  metals  by Sandman. 32D86 The t r ends  of the PR 

va lues  a r e  not dramatic,  bu t  the approximate order ing i s  

SSRP(N1) ) SSRP(N2) ) SSRI(N2) ) SS% ) SSRP(A) ) MSRP: 

t h i s  i n d i c a t e s  t h a t  i n  organic  metals  "denser" l a t t i c e s  

a r e  possible ,  d e s p i t e  decreasing Madelung energies .  Put i n  

another  way, t he  PR and EM values  i n d i c a t e  again t h a t  t he  

ITF-TCNQ homologs, upon c r y s t a l l i z a t i o n ,  maximize a l a t t i c e  

energy o the r  than j u s t  EM. 
p u b l i c a t i o n  of Bloch's theory i s  eagerly awaited. 

Thus, the f i n a l  f u l l  
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