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and 7,7,8,8-Tetracyano-p-quinodimethane. 
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Crystals of the 1 : 1 complex of benzidine and 7,7,8,8-tetracyano-p-quinodimethane (TCNQ), containing 
dichloromethane in the crystal lattice, are monoclinic, space group 12/m, with a=20.892, b=9"950, 
c= 6.445 *,  fl= 91.92 °, Z=  2. The structure was refined by three-dimensional analysis using the block- 
diagonal and full-matrix least-squares method. Benzidine and TCNQ molecules are alternately stacked 
along the c axis to form columns, with the molecular planes almost parallel to each other. Between the 
columns there are channels running along the c axis, in which dichloromethane molecules are sited. 

Introduction 

Benzidine (BD) and 7,7,8,8-tetracyano-p-quinodime- 
thane (TCNQ) were found to form solid molecular 
complexes, which contain solvent molecules in the 
crystal lattice as well as the solvent-free complex (Oh- 
masa, Kinoshita & Akamatu, 1969). Examples of the 
solvent that can enter into the lattice of the BD-TCNQ 
complex are acetone, acetonitrile, dichloromethane, 
1,2-dichloroethane and benzene. 

From the X-ray powder diffraction patterns, the 
crystal structures of the solvent-containing complexes 
were found to vary more or less depending on the sol- 
vent contained. It was also known that a solvent-con- 
taining complex gradually loses solvent molecules to 
form the solvent-free complex when the crystals are 
kept in vacuum for a long period. 

The electrical and magnetic properties of the solvent- 
containing complexes differ markedly from those of 
the solvent-free complex, and are appreciably depen- 
dent on the kind of solvent contained in the lattice 
(Ohmasa, Kinoshita & Akamatu, 1971a, b). 

In view of these interesting behaviour of the solvent- 
containing complexes, it is of particular interest to 
elucidate the role of solvent molecules in the structural 
and physical aspects of these solids. Thus we have 
decided to perform the crystal-structure analysis on 
this series of molecular complexes. In the present paper 
we report the crystal structure of the BD-TCNQ com- 
plex that contains dichloromethane. 

Experimental 

Crystals of the complex were precipitated when 
dichloromethane solutions of benzidine and TCNQ 
were mixed. They were redissolved in hot solvent con- 
sisting of a 1 : 1 mixture of dichloromethane and 1,2- 

* Present address: Sumitomo Chemical Co., Ltd., 3-278 
Kasugade, Konohana, Osaka, Japan. 

dichloroethane. By allowing the solution to cool slowly, 
well-grown, dark-green needle-like crystals were ob- 
tained, which were elongated along the c axis. Chem- 
ical analysis of these crystals indicated the molecular 
ratio of the components, BD:TCNQ:CH2C12, to be 
1:1:1.8. 

Lattice constants were determined by a least-squares 
analysis of eight diffraction lines observed with an 
automatic recording X-ray diffractometer, Geigerflex, 
by using sodium chloride as an internal standard. 

Crystal data 
Monoclinic 
a=20.982+0.019 A, b=9.950 + 0.005, 
c = 6-445 + 0.005 
fl=91.92 + 0.13 ° 
V= 1338.8 A 3 
Formula" CI2H12N 2 . C12H4N 4. 1"8 CH2C12; 

F.W.541 
Dx (calculated density)-- 1.349 cm -3 
D,,, (measured density)= 1.40 
Z = 2  
/z = 4.68 cm-~ (Mo Kct) 
Space group I2/m (from Weissenberg and 

precession photographs) 
(Absent spectra" hkl when h + k + l is odd, 

hOl when h + l is odd, 0k0 when k is odd). 

Intensity data were first obtained up to the fourth 
layer around the c axis from the Weissenberg photo- 
graphs by using the multiple-film technique. The data 
on the hOl, lkl, 2kl reflexions were collected from the 
precession photographs. Ni-filtered Cu Kct radiation 
was used and the intensities were determined visually. 
The corrections for the Lorentz and polarization fac- 
tors were made in the usual way, but no correction was 
made for absorption. The number of observed reflex- 
ions was 320 at this stage. These data were used in the 
preliminary analysis to obtain an approximate structure. 

In the next stage of analysis, the intensity data were 
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redetermined with Rigaku-Denki computer-controlled 
four-circle diffractometer using monochromatized 
Mo Ke radiation. The reproducibility of the measure- 
ment was checked by measuring the 002 and 020 reflex- 
ions every fifty reflexions. Among the 1670 indepen- 
dent reflexions in the range 20<55 °, intensity data 
were obtained for 828 (729 of which were three times 
larger than their standard deviations) and used in the 
refinement. All the reflexions were measured by the 
0-20 scan technique at a 20 scan rate of 1.0 ° min - t .  
The scan range A20 was varied according to the for- 
mula: A20=2 ° + 0.9 ° tan 0. The background settings 
were those given by the expression 20 + 0.9 x A20, and 
at each point background counts were taken for 10 
sec. For a count rate above 16,000 c.p.s., attenuators 
were automatically inserted in the incident beam. The 
intensities were corrected for bakcground and for 
Lorentz and polarization effects, and were reduced to 
the structure amplitude, I Fol. 

Structure determination and refinement 

From the consideration of the space group, the sym- 
metry of the component molecules and the number of 
molecules in the unit cell, the position of molecular 
centre was easily determined as (0, 0, 0) and (0, 0, ½) 
respectively for benzidine and TCNQ. There are two 
possible orientations for each molecule. Hence we can 
consider four possible structures. The structure factor 
was calculated for these four trial structures, and the 
one which gave the lowest R value was chosen as the 

starting model. The position of dichloromethane was 
determined from the difference Fourier map. 

When we calculated the R value for this approximate 
structure, using the intensity data from the diffractom- 
eter, we obtained 0.45. Block-diagonal least-squares 
refinement with isotropic temperature factors reduced 
the R value to 0.23. With anisotropic temperature fac- 
tors, the R value became 0.20. The number of dichloro- 
methane molecules in the unit cell has to be con- 
sidered as more or less uncertain, since the solvent 
molecules tend to be lost from the crystal. We took 
this factor into account by allowing the multiplicity 
of the dichloromethane molecule to be variable in the 
full-matrix least-squares refinement. 

Although the reproducibility of measurement was 
ensured after every fifty measurements, one of these 
sets, comprising 50 reflexions, was suspected to be 
spurious since the coincidence between Fo and Fc was 
unsatisfactory, while a good agreement was found 
when photographic data were used. Thus in the final 
least-squares analysis we eliminated the data belong- 
ing to this particular set, as well as those obtained by 
the measurement following this spurious set. Using 
the remaining 605 reflexions, a full-matrix refinement 
with anisotropic temperature factors was carried out, 
which brought the R value down to 0.12 and the mul- 
tiplicity of the dichloromethane molecule to 0.42. This 
value of the multiplicity corresponds to 1.7 dichloro- 
methane molecules per unit formula, which is in satis- 
factory agreement with the value estimated from the 
chemical analysis, 1.8. 

3 " 1 1 0 A / ~ \ \ ,  ~ , , 
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Fig. 1. Projection of molecular arrangement onto the (001) plane. 
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T h e  f ina l  p a r a m e t e r s  a r e  g i v e n  in  T a b l e  1 t o g e t h e r  

w i t h  t h e i r  s t a n d a r d  d e v i a t i o n s .  T h e  o b s e r v e d  a n d  ca l -  

c u l a t e d  s t r u c t u r e  f a c t o r s  a r e  l i s t e d  in  T a b l e  2. 

T a b l e  1. A t o m i c  p a r a m e t e r s  

(a) A tomic  coord ina tes  ( x  104) as fract ions of  the cell edges 
and their s t andard  deviat ions ( x 103 A) in parentheses  

x y z 
B D  

C(1) 361 (14) 0 (0) 50 ( 1 1 )  

C(2) 711 (9) 1198 (9) 85 (7) 
C(3) 1370 (8) 1207 (9) 162 (7) 
C(4) 1721 (12) 0 (0) 212 (11) 
N(1) 2390 (14) 0 (0) 299 (13) 

T C N Q  

C(5) 329 (9) 1250 (9) 5018 (8) 
C(6) 666 (13) 0 (0) 5055 (12) 
C(7) 1327 (14) 0 (0) 5104 (11) 
C(8) 1707 (11) 1203 (11) 5148 (8) 
N(2) 1992 (10) 2177 (11) 5157 (8) 

CH2C12 
C(9) 
CI(1) 
C1(2) 

3548 (30) 0 (0) 6623 (18) 
3738 (12) 0 (0) 4064 (7) 
4253 (16) 0 (0) 8182 (11) 

(b) Thermal  parameters  ( ×  10~). The ,8~ values refer to the 
expression:  

exp [ -- (h2 f l .  + k2~22 --~/% 3 "-[- hk~ l  2 ~- hlfl,3 + klf123)]. 

B D  

C(1) 234 455 
C(2) 141 673 
C(3) 83 624 
C(4) 79 785 
N(1) 196 1128 

T C N Q  

C(5) 184 811 
C(6) 77 1101 
C(7) 179 585 
C(8) 189 952 
N(2) 255 1253 

CH2C12 
C(9) 503 1015 
CI(1) 849 1406 
CI(2) 1190 2193 

1437 0 - 184 0 
1565 55 - 42 100 
2380 - 1 4 2  96 101 
1962 0 33 0 
4121 0 - 27 0 

1829 125 178 178 
1880 0 - 139 0 
1396 0 13 0 
2228 21 36 - 73 
3487 - 2 0 9  - 46 - 1 2 6  

4084 0 560 0 
5539 0 - 2 8 2  0 
8613 0 - 1219 0 

T a b l e  2. O b s e r v e d  a n d  c a l c u l a t e d  s t r u c t u r e  f a c t o r s  
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thermal ellipsoids of the individual atoms drawn by 
the ORTEP program (Johnson, 1965) are shown in 
Fig. 3. 

Benzidine and TCNQ molecules form columns along 
the c axis, in which benzidine and TCNQ are alter- 
nately stacked with their molecular planes almost paral- 
lel to each other. Between these molecular columns, 
channels run along the c axis. Each channel is sur- 
rounded by four columns composed of benzidine and 
TCNQ. It is in these channels that the dichloromethane 
molecules are sited. The distance between an N atom 
of a benzidine molecule and the nearest N atom of a 
TCNQ molecule in the neighbouring molecular column 
is 3.110 A (as shown in Fig. 1). This N . . . N  distance 
is shorter than the value expected for a van der Waals 
contact. Thus it is likely that the benzidine-TCNQ 
columns are linked together by N . . . N = C  hydrogen- 
bond network to stabilize the channelled structure. 

The arrangement of donor and acceptor molecules 
described above resembles that in the anthracene- 
TCNQ complex (Williams & Wallwork, 1968). In the 
latter, however, no solvent-containing complex is ob- 
tainable. Seemingly this difference is associated with 
the situation that a channelled structure is stabilized by 
the intermolecular hydrogen bonds in the benzidine- 
TCNQ system but not in the anthracene-TCNQ sys- 
tem. 

The relative orientation of TCNQ with respect to 
the neighbouring benzidine molecule is shown in Fig. 4. 
In the polarized absorption spectrum of this complex, 

clo) 

N(2') N(2") _ _ ~  
(~,,c18') , , c(5') c(5"') c18"~ ~ c ( 9 ~ . . . ~  ..... 

N(2'") N(2) C1(2) 
C(3') C(2') C(2"') C(3") 

C(3""1 C12'") C(2) C13) 

Fig.3. The atomic numbering of the molecules. Ellipsoids 
represent anisotropic thermal parameters. 

© © 

Fig.4. Relative orientation of BD with respect to TCNQ 
found in the crystal. 

it has been found that the direction of the transition 
moment of the second charge-transfer band is nearly 
perpendicular to that of the first charge-transfer band 
(Amano, Kuroda & Akamatu, 1969). We have car- 
ried out a theoretical investigation on the electronic 
transitions expected for the molecular arrangement 
shown in Fig. 4, and found that the anomalous polar- 
ization of the second charge-transfer bands can be 
understood with this molecular arrangement. 

The benzidine and TCNQ molecules can be con- 
sidered to be planar. The equations of the molecular 
planes were calculated by the method of least squares. 
The equations thus obtained are: 

- 0.0378 X +  0.0 Y+ 1.0000 Z = 0.00 

for benzidine, and 

- 0.0259 X +  0.0 Y+ 1.0000 Z = 3.222 

for TCNQ, where X, Y and Z are coordinates with 
respect to the crystal axes a, b and c (in A units). These 
two planes make an angle of 0.7 ° with each other. The 
mean separation between the molecular planes is 3.22A 
which is smaller than the usual van der Waals separa- 
tion. The deviations of atoms from the least-squares 
planes are listed in Table 3. 

Table 3. Atomic deviations (A)from the least-squares 
planes of the BD and TCNQ molecules 

BD TCNQ 
C(1) 0"004 C(5) 0.006 
C(2) -0.001 C(6) 0.001 
C(3) -0.004 C(7) 0.003 
C(4) 0.001 C(8) -0.006 
N(1) 0"004 N(2) -0"003 

The distances between the atoms of the neighbour- 
ing benzidine and TCNQ molecules are listed in Table4. 

Table 4. Distances less than 3.5 A_ between atoms of the 
nearest-neighbour BD and TCNQ molecules and their 

standard deviations (A) 

BD. . .TCNQ 
C(4).. C(8) 
C(4). C(7) 
c(2). c(6) 
c(2). c(5) 
C(1)" C(5) 
C(1). C(6) 
c(3). c(7) 
C(3)- C(8) 

3.475 (14) 
3.366 (15) 
3.452 (14) 
3.336 (11) 
3.472 (13) 
3-302 (17) 
3.472 (12) 
3.330 (12) 

The bond lengths and bond angles in each molecule 
are illustrated in Figs. 5 and 6, together with the 
standard deviations. These values have not been cor- 
rected for thermal motion. 

The molecular dimensions of TCNQ have been re- 
ported for the TCNQ crystal and for various TCNQ 
complexes. It is well known that the bond lengths of 

A C28B-5 
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TCNQ vary systematically with its formal charge. The 
bond lengths found in the present complex fall be- 
tween those for the neutral TCNQ and mononegative 
TCNQ ion, but are closer to the former. In the benzi- 
dine molecules, the C-C bonds in its benzene rings 
are of almost equal length, but the bond connecting 
the two benzene rings is rather long, 1.509 A. Unfor- 
tunately no data are available for the molecular dimen- 
sions ofbenzidine, or of its ion, with which the present 
results can be compared. 

As shown in Table 1, the standard deviations of the 
atomic coordinates (especially those of the carbon 
atoms) and temperature factors of the dichloromethane 
molecule are rather large. This is naturally to be ex- 
pected from the presence of appreciable defects in 
the lattice of this complex; for example, there are 
only 3.4 dichloromethane molecules in the unit cell, 
although there are four sites for dichloromethane. It 
was also found that the correlation among the atomic 
parameters of dichloromethane is large. Consequently, 
the atomic parameters of the molecule could not be 
accurately determined. 

The authors wish to thank Professor Hideo Aka- 
matu, Dr Minoru Kinoshita and Dr Masatake Oh- 
masa for valuable discussions. We are also grateful to 
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