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Crystals of Q+(TCNQ)~- are monoclinic, with space group C2/c and a = 28.468, b = 3.838, c = 25.704/~ 
and ,fl = 113.6 °. There are four formula units in the unit cell. The structure was deduced from Patterson 
syntheses and refined by the block-diagonal least-squares method to an R value of 0.120 for 1274 
observed reflexions. The structure consists of columns of monadic units of TCNQ parallel to the b axis. 
The TCNQ molecules are stacked in a fashion characteristic of the structures of TCNQ salts. The 
average spacing between the TCNQ molecules in the column is 3.22/~. The shape and size of the TCNQ 
units seem to be intermediate between those of TCNQ ° and TCNQ-. Quinolinium cations are arranged 
in the channels formed by the TCNQ columns. The structure is disordered, with quinolinium cations 
adopting either of the alternative orientations with equal probability. They also form a stack parallel 
to the b axis with the much wider spacing of 3.50 A,. The estimation of molecular interaction energy 
for the system (TCNQ)~- has revealed that the geometrical relationship of the two TCNQ units is 
determined primarily by the charge-transfer interaction and in part by interactions between the non- 
bonded atoms. 

Introduction 

The salts containing the anion radical TCNQ- are 
noted among organic compounds for their high electri- 
cal conductivity (Melby, Harder, Hertler, Mahler, 
Benson & Mochel, 1962; Siemons, Bierstedt & Kepler, 
1963): the quinolinium salt shows an electrical con- 
ductivity as high as 100 f2 -x cm -1 at 300°K, for a single 
crystal in the direction of the highest conductivity. 

X-ray studies of several TCNQ salts (Kobayashi, 
Ohashi, Marumo & Saito, 1970; Goldstein, Serf & 
Trueblood, 1968; Hanson, 1968; Fritchie, 1966; 
Fritchie & Arthur, 1966) have revealed that the planar 
TCNQ molecules are stacked face-to-face to form 
columns in most of these structures. The infinite 
columns hitherto reported are constructed from tetra- 
dic, triadic, diadic and monadic units of TCNQ mol- 
ecules. The modes of nearest-neighbour overlapping 
of TCNQ molecules can be classified into two types. 
The first is direct and the second is such that the centre 
of one molecule falls over the centre of a quinomethane 
double-bond of the other. The interplanar distances 
are generally short, ranging from 3.22 to 3.32 ~. 

In order to contribute to a better knowledge of the 
relation between the structures of these salts and their 
electric properties, the crystal structure of quinolinium 
bis-(7,7,8,8-tetracyanoquinodimethanide),Q+ (TCNQ) 2 
has been determined. 

Experimental 
Crystal data 
Quinolinium bis(7,7,8,8-tetracyanoquinodimethanide), 

( C g N H s )  + (CI2N4H4)2  ; F.W. 538. 
Monoclinic 

a=28.468 +_0.009, b=3.838 + 0.001, 
c = 25.704 + 0.007/~ 
t =  113.64 + 0.03 °, U=2572.8 A 3. 
Dm = 1.398 g.cm -3 
Z = 4 .  
Dz = 1.393 g.cm -3 
F(000) = 1108. 
/t(Cu K~, 2=  1"5418 A)=7"20 cm -1. 

Space group" C2/c (No. 15) or Cc (No. 9) from the sys- 
tematic absences" hkl absent when h + k odd, hOl absent 
when I odd. 

The opaque black crystals of Q+(TCNQ)~ were kind- 
ly supplied by Dr T. Kondow. They are monoclinic 
needles elongated along the b axis. The unit-cell 
dimensions were determined from higher-order re- 
flexions recorded on Weissenberg photographs. A 
specimen of length 0.30 mm was cut from a longer 
crystal with a cross section of 0.17x0.02 ram. Inte- 
grated Weissenberg intensity data were collected with 
Cu Kc~ radiation around the b axis up to the third 
layer. The intensities of 1274 independent reflexions 
were estimated visually with a standard film strip. No 
absorption correction was applied, since the crystal 
used was sufficiently small. 

Determination of the structure 

The trial structure was easily deduced from the Pat- 
terson maps. The space group C2/c was assumed and 
this was verified by the reasonable convergence of the 
structure at a later stage of the refinement. In the space 
group C2/c the general position is eightfold. There 
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are only four quinolinium cations in the unit cell so 
the centre of gravity of a quinolinium cation must lie 
on one of the fourfold special positions. In the trial 
structure the quinolinium cations were assumed to 
have a centre of symmetry, either of the two 
alternative orientations being taken with equal prob-  
ability. All the atoms except the hydrogen atoms came 
out clearly on three-dimensional electron density maps, 
the phases of which were calculated on the basis of 
the trial structure. Isotropic refinement was carried 
out by the block-diagonal least-squares method, with 
the use of the program written by T. Ashida and 
the resultant R value was 0.173. Anisotropic refine- 
ments were then carried out. The calculated positions 
of all the hydrogen atoms were included, but not re- 
fined. Temperature factors of the hydrogen atoms were 

assumed to be isotropic and the value 3.0 A2 was as- 
signed. The weighting scheme adopted was: w= 1 for 
Fo> 5.0 and w=0.30 for Fo< 5.0. The final R value 
was 0.120. 

The possibility of the space group Ce was also con- 
sidered. The trial model based on the space group Ce 
converged to an R value of 0.115. However, the 
estimated standard deviations of the atoms were twice 
as large as those of the atoms in the structure based 
on the space group C2/c and, moreover, some of the 
thermal parameters, especially BEE, of certain atoms 
became unusually small or even negative. Thus the 
space group Ce was rejected. 

The final positional and thermal parameters are 
given in Table 1. The observed and calculated structure 
factors are compared in Table 2. 

Table 1. Final parameters and estimated standard deviations of non-hydrogen atoms 

Temperature  factor = exp [ -  

x y z 
x 104 x 104 x 104 

C(1) 228 - 1 8 4 3  1339 
3 26 4 

C(2) 434 - 7 6 3  940 
3 24 3 

C(3) 872 1076 1093 
3 25 3 

C(4) 1149 2147 1682 
3 27 4 

C(5) 941 1153 2091 
3 24 3 

C(6) 498 - 7 8 8  1920 
3 24 3 

C(7) - 2 2 1  - 3 7 4 6  1168 
3 24 3 

C(8) 1593 4072 1837 
3 25 4 

C(9) - 4 9 1  - 4 8 1 9  594 
3 27 4 

C(10) 1789 5325 1443 
3 26 4 

C ( l l )  1876 5147 2416 
3 28 4 

C(12) - 4 4 3  - 4 7 4 8  1561 
3 27 4 

N(1) - 7 0 7  - 5 9 1 6  150 
3 26 3 

N(2) 1936 6435 1118 
3 29 4 

N(3) 2092 5949 2888 
3 29 4 

N(4) - 6 2 8  - 5 7 2 5  1855 
3 28 3 

C(I ')  3117 4505 46 
4 28 5 

C(2') 3379 4457 636 
4 33 5 

C(Y) 3159 3170 975 
4 37 5 

C(4') 2607 3206 - 181 
4 31 4 

C , N  2675 1904 762 
3 29 4 

(h2B11 + k2B22 +/2B33 + hkB12 + biB13 + klB23)] • 

B11 B22 B33 B12 B13 B23 
x 105 x 103 x 10s × 104 x 10s x 104 

T C N Q  

92 37 123 - 6  42 9 
14 8 17 9 13 10 

124 35 81 --7 62 -- 11 
15 8 15 10 13 10 

124 36 112 2 59 --10 
15 8 17 10 13 10 

102 53 110 14 67 23 
14 9 16 10 13 11 

115 30 100 11 41 --2 
15 8 16 9 13 10 

110 37 86 2 35 --1 
15 8 15 10 12 10 
83 33 69 2 19 12 
13 7 14 9 11 10 
89 37 174 --5 58 4 
15 9 20 9 14 12 

101 55 131 6 48 3 
14 8 18 10 13 11 
48 53 165 1 28 8 
12 8 19 10 13 11 

109 56 168 --6 66 8 
16 9 21 11 1 6  12 

126 53 93 --10 19 --25 
16 9 16 10 13 10 

158 87 154 --16 67 --13 
15 9 16 11 13 11 

158 98 253 13 130 37 
16 10 22 11 15 13 

169 107 202 --10 --1 --33 
17 11 20 13 15 14 

117 130 87 --20 5 --1 
13 11 14 12 11 12 

Quinol inium 

156 44 286 17 155 16 
18 9 27 11 20 13 

113 84 253 - 2 2  28 5 
18 12 28 13 18 16 

172 94 202 19 7 - 2 1  
22 13 24 14 19 16 

143 60 163 0 51 2 
18 10 21 11 15 13 

171 86 182 11 135 - 1 6  
17 10 18 11 16 13 
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Description of the structure and discussion 

The structure within one unit cell is illustrated in Fig. 1. 
as viewed along the b axis. The structure consists of 
columns of TCNQ and columns of quinolinium cations 
parallel to the b axis. In these columns molecules or 
ions are stacked in a plane-to-plane manner. In the 
column of TCNQ the repeat unit consists of one 
TCNQ molecule, namely a monad. These columns are 
packed intimately with each other. A stack of quino- 
linium ions is surrounded by six columns of TCNQ. 
Interatomic distances between the atoms of adjacent 
columns are shown in Fig. 1. A close approach distance 
of 3.13 ~ occurs between the nitrogen atom of the 
cyano group of TCNQ and the nitrogen atom of the 
quinolinium cation. The quinolinium cations are dis- 
ordered, taking one of two alternative orientations 
related by a centre of symmetry. The arrangements of 
the TCNQ molecules and quinolinium ions are very 
similar to those found in crystals of N-methylphena- 
zinium(TCNQ) (Fritchie, 1966). Least-squares planes 
through the TCNQ molecule and the quinolinium 
cation were calculated and the results are given in 
Table 3. The TCNQ molecule is inclined at an angle 
of 32.9 ° with respect to the plane (010); the plane of 
the quinolinium ion makes an angle of 24.3 ° with (010). 
The interplanar spacings are 3.22 ~ for the TCNQ 

a 

3 / 4  

I / 4  

o o 

c 
F i g .  1 .  T h e  s t r u c t u r e  v i e w e d  a l o n g  t h e  b a x i s .  

column and 3.50 A for the quinolinium column re- 
spectively. This latter value of 3.50 A is the normal 
van der Waals distance, whereas the interplanar 
distance in the TCNQ column is very short and sug- 
gests the presence of appreciable intermolecular inter- 
action. The mode of overlapping of TCNQ is illustrated 
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in Fig. 2. This type of overlapping has been observed 
in various TCNQ salts such as N-methylphenazinium 
(TCNQ) (Fritchie, 1966), TEA+ (TCNQ) z (Kobayashi, 
Ohashi, Marumo & Saito, 1970)and TMPD + (TCNQ) 2" 
(Hanson, 1968). Bond lengths and angles of the 
TCNQ molecule and the quinolinium ion are shown 
in Fig. 3. The bond lengths of the TCNQ molecule av- 
eraged by assuming D2h symmetry are also shown, in 
brackets. Most of them are intermediate between the 
values reported for TCNQ-  and TCNQ ° (Kobayashi, 
Ohashi,Marumo & Saito, 1970; Goldstein, Serf & True- 
blood, 1968; Hanson, 1968; Fritchie, 1966; Fritchie & 
Arthur, 1966; Long, Sparks &Trueblood, 1965; Ander- 
son & Fritchie, 1963). Thus the column appears to 
consist of TCNQ-  and TCNQ 0 in a random arrange- 
ment, or simply of TCNQ-a/z. Bond distances and 
angles observed for the quinolinium cation are in 
agreement with the values reported for the 8-hydroxy- 
quinoline molecule of the molecular complex of 8-hy- 
droxyquinoline and chloranil (Prout & Wheeler, 1967). 
The ellipsoids of thermal vibration are shown in Fig. 4. 
For TCNQ and Q+ the motion appears to be simply 
a rigid-body libration about the centre of gravity, 
chiefly in the molecular plane. 

Some  remarks on the intermolecular arrangement in the 
system ( T C N Q )  2 

It is certain that the lattice energy of these anion radical 
salts arises mainly from the electrostatic interaction 
between the positive ions and the anion radicals. 
However, the existence of the columnar structure of 
TCNQ molecules seems to be a characteristic feature 
of the TCNQ salts. Further, as pointed out by Fritchie 
(19691, a fairly constant geometrical relationship was 
shown to exist between TCNQ molecules in a number 
of TCNQ salts, and this constancy was interpreted as 
indicating that the charge transfer force is predominant 
in these anion radical salts. In order to explore various 
molecular interactions, the system (TCNQ)~, which 
consists of two TCNQ molecules (TCNQa and 
TCNQb) and an electron, was studied. The ground- 
state wave function may be written as 

~ =  gtl(TCNQa-, TCNQb°) + 7t2(TCNQa o, TCNQb-), 

* TMPD: N,N,N',N'-Tetramethyl-p-phenylenediamine. 

where 7q(TCNQa-, TCNQb°), for example, is a wave 
function associated with the electronic configuration 
where the excess electron is in the lowest vacant orbital 
of TCNQa-,  both molecules being in the unexci-- 
ted state. The expression for ~ is reasonable because 
the energies of other electronic configurations are 
more than about 4eV higher than those of ~1 and ~z 

Fig.2. Nearest-neighbour packing of TCNO. 

@14) 161 {I131 
\I,,s91,,, c, a6o, ,i2ij~,,,5o) 
"cy'2i ~ c14~3, (1"d 

\1.422 / tb, Ib{ \ 1.447 /1143OI 
\ {I I1 /haX,~ \ 115) /I.437 

~ ' ~  1 4 ~ 8 ,  ''2' 
/ \1.432{141 / . . . . . . . .  \ 1.422 

~l) . . . .  l (21 

, ~ o , L ,  1, ,  ,2, , , , • . . .  

1081 (101 \CQg) (091/ 1091 (0.71\(1~ I . / 

I~cl I w(2) 

CN 
(o.9} ~ L3531141 

~ L394Cl4) 
( f )  

Fig. 3. Bond lengths (/~) and bond angles (degrees), with their 
standard deviations. The mean bond lengths of TCNQ 
averaged by assuming D~ symmetry are shown in brackets. 

Deviation (A) 
TCNQ 

Quinolinium 

Table 3. Least-squares planes 

Direction cosines with respect to 
a b c 

TCNQ -0.5132 0.8392 0.0410 
Quinolinium -0.4074 0-9113 0.2180 

C(1) -0.004 C(2) 0.001 C(3) -0.030 
C(5) - 0.001 C(6) 0.002 C(7) 0.021 
C(9) 0.010 C(10) 0.035 C(11) -0.046 
N(1) -0.074 N(2) 0.143 N(3) -0-055 

C(I') -0.005 C(2') 0.004 C(Y) - 0.001 
C,N -- 0.001 

C(4) 
C(8) 
c(12) 
N(4) 

c14') 

- 0.029 
- 0.040 

0.064 
0.051 

0.003 
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(Lowitz, 1967). Using the approximation, < 7'11H[ T2 > 
= - k S ~ 2 ,  the stabilization energy of the ground state 
can be given as 

W N  = - k S 1 2 ,  

where S12=~lt / tzdr .  The constant k is about 20eV 
when Slater atomic orbitals are employed (Kuroda, 
Amano, Ikemoto & Akamatu, 1967). $12 was calcu- 
lated using the formula proposed by Mulliken, Rieke, 
Orloff & Orloff (1949) under the following conditions. 

(i) The molecular plane and the long axis of TCNQa 
are parallel to those of TCNQb. 

(ii) The intermolecular distance is fixed at 3.22 A 
which is the value observed for Q+(TCNQ) 2. 

The result of this calculation revealed that the direct- 
overlap configuration (hereafter called configuration 
A) is most stable, the energy of which is about 12 
kcal.mole -1. The next most stable is the configuration 
where the centre of one molecule falls over the centre 
of one quinodimethane double bond of the other, the 
stabilization energy being about 7 kcal.mole -1 (here- 
after called configuration B). 

In fact, both configurations are found in the struc- 
tures of TCNQ salts; for example, configuration A is 
found in Csz(TCNQ)3 (Fritchie & Arthur, 1966) and 

configuration B is found in the present structure and 
most of the other TCNQ-salt structures. The fact that 
configuration B is more frequently observed in actual 
structures would indicate that configuration B is more 
stable than configuration A. Clearly the repulsive 
interaction between two molecules tends to make con- 
figuration B more stable than A. Thus the interactions 
between non-bonded atoms were considered. The inter- 
action energy can be given by 

U= N" ~" a~j exp( -  bi,r i , )  c~ o~ X, Z X 
1 

where aij', bij.., are constants associated with the ith 
atom of TCNQ and the jth atom of TCNQ-, r i j  is the 
interatomic distance, ~ the probability of the ith atom 
and E~ is the electric field on the ith atom of TCNQ °. 
The first term of U represents the repulsive energy, 
the second term the van der Waals energy and the 
third term is the energy of interaction between TCNQ-  
and the dipole moments of the atoms of TCNQ ° 
induced by TCNQ-.  The first two terms of the poten- 
tial function were used by Giglio (1969) for the analysis 
of the crystal structure of dimethylglyoxime and the 
constants au,  etc .  are given in his paper. The results 
of a calculation with slightly modified versions of the 

N(4) 

i N(2) N ( 1 ) ~  ,-, v-,,, k ~  I 

~ 3') 

2") 

C(4") ~ ~C(1 ') 

Fig.4. The thermal motion ellipsoids drawn using the program O R T E P  (Johnson, 1965). 
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constants used by Giglio show that configuration B is 
more stable than configuration A, in accordance with 
the experimental evidence. Although the result ob- 
tained here is sensitive to the choice of the various 
parameters, in particular those of repulsive energy, it 
is certain that the interactions between non-bonded 
atoms are important in the determination of the 
geometrical relationship between adjacent TCNQ mol- 
ecules (Goldstein, Serf & Trueblood, 1968). 

As mentioned above, TCNQ molecules are stacked 
face-to-face to form columns of monadic units of 
TCNQ. The same monadic unit has also been found 
in crystals of N-methylphenazinium(TCNQ). This fact 
seems to be closely related to the fact that the cations 
are planar (aromatic in both cases). It is noteworthy 
that both salts are among the best electrically conduc- 
tive organic compounds hitherto reported. 

The calculations were performed on the HITAC 
5020E computer at the Computer Centre of this 
University with a universal crystallographic computa- 
tion program system, UNICS, and on the FACOM 
270-30 computer at this Institute. 

The authors are grateful to Dr T. Kondow for 
kindly supplying the crystals of Q+(TCNQ)S. This 
research was supported in part by a Scientific Research 
Grant of the Ministry of Education, to which the 
authors' thanks are due. 
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The Family 24L of ZnS Polytypes 

By I. KIFLAWI, S. M~,DIX AND I. T. STEINBERGER 

Department of  Physics, The Hebrew University, Jerusalem, Israel 

(Received 20 March 1970) 

Twelve new ZnS polytypes of the family 24L have been found in two ZnS needles. Row lines of the 
X-ray oscillation photographs are shown. Observed and calculated intensities are compared. 

Crystals of ZnS were grown from chemically pure 
ZnS powder in a quartz tube by outgassing for one 
hour at 650°C and then introducing H2S at 1 atm 
pressure and increasing the temperature to 1280°C. 
This temperature was maintained for 20 hours. Two 
needle-shaped crystals with a hollow core along the 
axis containing polytypes of the family 24L were found 
in one batch. 

Specimen 232/51 contains 9 wide (> 0.1 mm) poly- 
typic regions, six of which are new polytypes and 
specimen 232/56 contains 8 wide polytypic regions, 
six of which are new polytypes. A list of the poly- 
types found in these two specimens is given in Ta- 
ble 1. 

The polytypic regions were photographed by the 
X-ray oscillation method using Cu K~ radiation. The 

Table 1. A list o f  the polytypes found in specimens 
232/51 and 232/56 

Specimen 
No. Other polytypes 

232/51 24L (21 3)* 
72R (14 5 2 3)3* 
36R (7 5)35" 
3C 

232/56 

* Previously 
~f Previously 

New polytypes 
72R (17 7)3 
72R (22 2)3 
72R (9 7 4 4)3 
72R (17 3 2 2)3 
72R(73 3 53 3)a 
72R (8 6 3 2 2 3)3 
72R (7 7 7 3)3 24L (7 7 5 5)* 
24L(9735) 24L(653532)*  
72R(55353  3)3 
24L(653334)  
24L(73 3 722) 
72R(75423  3)3 

reported (Kiflawi & Mardix, 1969). 
reported (Mardix, Kiflawi & Kalman, 1969). 


