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The crystal structure of the 1 : 1 complex formed between N, N, N', N'-tetramethyl-p-

phenylenediamine and 1, 2, 4, 5-tetracyanobenzene has been determined by X-rays at room 
temperature. The crystals are triclinic with one formula unit of the complex in a cell of di-

mensions:a=7.654 A, b=8.041 A, c=7.462 A,α=96.7°,β=85.9° and γ=101.3°. The space

group is P1. The structure has been solved by three-dimensional Fourier and least-squares 
methods. The component molecules are stacked alternately in infinite columns along the

c-axis. The structure does not seem to show the usual π-π intcraction betwccn the two aromatic

rings, but indicates the n-π interaction localized between the nitrogen atoms of the donor and the

cyano groups of the acceptor. From the direct integration of the electron density, the quantity 

of the charge transfer from the donor to the acceptor has been estimated to be 0.24 in electron 
units.

The complex between N, N, N', N'-tetramethyl-
p-phenylenediamine (TMPD) and 1, 2, 4, 5 -
tetracyanobenzene (TCNB) is one of the following
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series of the TCNB complexes whose structures 

have been determined: TCNB-TMPD;1) TCNB-

naphthalene;2) and TCNB-hexamethylbenzene.3)

The dark color of this crystal suggests that there 
is a certain amount of charge transfer. Since this 
complex is one of the more highly colored and the 
ionization potential of the donor molecule is the 
lowest among the series investigated, it was felt 
that a detailed crystallographic examination would 
be of interest.

Experimental 

Crystals were deposited as black needles with metallic 
lustre when the solutions of the components in benzene 
had been mixed. They are very stable in air. Equi-
inclination Weissenberg photographs were taken around 
the c-axis (needle axis) up to the fourth layer and the
a-axis up to the fifth layer with CuKa radiation(λ=

1.5418 A). Multiple film technique was used. 1233 
independent reflections were observed, corresponding 
to about two thirds of those within the copper sphere. 
The intensities were estimated visually with a standard

TABLE 1. CRYSTAL DATA

film strip and were converted to |F0(hkl)|2 and |F0(hkl)| 
by applying the usual Lorentz, polarization and shape 
correction. No correction was made for either absorp-
tion or extinction, since the crystal used had a maximum 
dimension of 0.15 mm (c-axis) and 0.2 mm (a-axis). 
The crystal data are shown in Table 1. 

Wilson's test indicated the presence of a center of 
symmetry; hence the space group P1 was adopted and. 
this was confirmed by refinement of the structure. 

Structure Analysis 

Each component molecule is required to occupy 
a center of symmetry, since a unit cell contains only

Fig. 1. Composite Fourier three-dimensional diagram of sections parallel to (102). Contours
are at intervals of l e. A-3, the lowest contour being l e. A-3.

1) Y. Ohashi, H. Iwasaki and Y. Saito, Presented 
at the 19th Annual Meeting of the Chemical Society 
of Japan, Tokyo, April, 1966. 

2) S. Kumakura, F. F. Iwasaki and Y. Saito, Pre-
sented at the 19th Annual Meeting of the Chemical

Society of Japan, Tokyo, April, 1966; This Bulletin, 40;, 
1826 (1967). 

3) N. Niimura, Y. Ohashi, F. F. Iwasaki and Y. 
Saito, Presented at the Symposium on Molecular Struc-
ture held at Osaka, October, 1966.
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TABLE 2. ATOMIC PARAMETERS 
The expression of the temperature factor is exp[-(h2B11+k2B22+l2B33+hkB12+hlB13+klB23)]

one formula unit of the complex. The intensities 
of reflections 102 and 204 are the strongest by far 
from the rest, which suggest that most of the atoms 
might be on the plane (102). The orientation of
each molecule in the plane (102) was easily deduced 
from three-dimensional Patterson synthesis. 

The structure thus obtained was refined by dif-
ference synthesis projected along the a- and c-axes, 
later by a block diagonal least-squares method 
with HBLS program written by Dr. T. Ashida. 
After four cycles of this refinement, anisotropic 
temperature factors were introduced. Hydrogen 
atoms attached to the benzene rings were found in 
the three-dimensional difference Fourier map at
this stage. Those of the methyl groups, however, 
could not be identified, probably due to the rota-
tion of the methyl groups. The final refinement
including these hydrogen atoms was performed 
with HBLS, the temperature factors of hydrogen 
atoms being fixed. A weighting scheme,

otherwise

was employed.

The final discrepancy factor,, R=Σ||F0|-|Fc||/

Σ|F0|-became 0.159 for all the observed reflec-

tions. Atomic scattering factors were taken from 

International Tables for X-ray Crystallogra-

phy.4) Figure 1 is a composite electron density

Fig. 2. Bond distances and angles.

Fig. 3. Closest intermolecular contacts between

TMPD and TCNB.

diagram from the sections of atomic peaks parallel 
to (102), on which most of the atoms are

4) "International Tables for X-Ray Crystallo-
graphy," Vol. III, Kynoch Press, Birmingham (1962), 
p. 202.
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approximately found to lie. Final atomic parameters 

and their standard deviations are summarized 

in Table 2. The observed and calculated structure 

factors are listed in Table 3. 

Description of the Structure and Discussion 

The component molecules are stacked alternately

in infinite columns along the c-axis. Both mole-
cules lie approximately in the plane (102). Bond 
distances and angles in each molecule are listed 
in Table 4 and Fig. 2. As shown in Fig. 2, the 
distance C(1)-N(1) in TMPD (1.43 A) is evidently 
longer than the corresponding distance found in

TABLE 3. OBSERVED AND CALCULATED STRUCTURE FACTORS
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TABLE 3 (Continued)
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TABLE 4. BOND DISTANCES AND ANGLES AND THEIR STANDARD DEVIATIONS

TABLE 5. CLOSEST INTERMOLECULAR CONTACTS 

BETWEEN TMPD AND TCNB

TMPD-TCNQ*2 complex5) (1.36 A), and is closer 
to a single-bond separation. The distance C(7)-
C(8) in TCNB is shorter by 0.03 A than the 
distances C(6)-C(7) and C(6)-C(8'). C(6)-C(9) 
is shorter by 0.025 A than C(7)-C(10). 

Intermolecular atomic distances less than 3.5 A
are indicated in Fig. 3 and Table 5. These distances 
are of the same order as generally accepted van
der Waals distances except for the short ones 
between N(1) and C(9), and between N(1) and 
C(6). They seem to indicate the existence of 
some specific interactions between these atoms.

The TCNB molecule is planar within the ex-

perimental errors and the mean plane is expressed 
by 

-0.3313x-0 .0623y+0.9171z=3.4215, 
where x, y and z are coordinates (in A) with respect 
to the crystal axes a, b and c.

The TMPD molecule as a whole is not planar. 
But, apart from the carbon atoms of the methyl 

groups, the rest of the atoms are coplanar, the
mean plane of the atoms in TMPD being expressed
by 

-0.3492x-0.1816y+0.8962z=0. 

The carbon atoms of the methyl groups are 
bent and twisted from this plane, as shown in 
Fig. 4. Thus it seems likely that the electronic 
orbital of the nitrogen atom, N(1), exhibits tetra-
hedral character and the lone pair electrons of

*2 TCNQ: 7, 7, 8, 8-Tetracyanoquinodimethane. 
5) A. W. Hanson, Acta Cryst., 19, 610 (1965). Fig. 4. The structure, viewed along [110].
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Fig. 5. Overlapping molecules, viewed approxi-

mately normal to their mean plane.

the nitrogen atom do not seem to be perfectly

delocalized with π-electrons of the benzene ring.

The molecules overlap each other as shown in 
Fig. 5, with an interplanar spacing of 3.40 A, 
though the molecular plane of TCNB makes an
angle of 7°with that of TMPD except the methyl

groups.

Two rings of TCNB and TMPD overlap to a 
small extent in spite of Mulliken's prediction that 
the extent of overlap of benzene rings should be 
large.6) 

As seen in Fig. 5, the component molecules are 
tightly packed, namely, the methyl groups of 
TMPD lie between the two cyano groups of TCNB, 
thus the TCNB molecule being fixed by the methyl 

groups. 
On the other hand, the carbon atoms of the 

TCNB molecule lie between the two methyl 

groups attached to the nitrogen atom at 3.502 
and 3.620 A from them. 

These facts indicate that the relative orienta-
tion of the two component molecule is mainly 
determined by the packing of the molecules, 
especially by those of the methyl groups. The 
methyl groups hinder the approach and overlap 
of the benzene rings of the two component mole-
cules, thus preventing the charge transfer between
π-elcctrons of thc benzene rings of the two com,

portents to some extent. 
Nitrogen atoms of TMPD come near the cyano 

groups of TCNB in this orientation. The short 
distances between N(1)-C(9) and N(1)-C(6), 
strongly suggest that the lone pair electrons that 
are partially located on these nitrogen atoms are 
transferred to the cyano groups. This local charge 
transfer is further supported by the conclusion
drawn from molecular orbital calculation that the 
carbon atoms of the cyano groups in a free mole-

cule of TCNB is deficient in electron density.7), 
The charge transfer force seems to make the bond 
distance C(6)-C(9) shorter than C(7)-C(10) and 
make C(7)-C(8) shorter than C(6)-C(7) and 
C(6)-C(8'), thus the benzene ring of TCNB as-
suming quinoide structure. On the other hand 
in TMPD molecule, the bond distance C(1)-N(l) 
appears to be elongated by this interaction. In
TMPD-TCNQ complex,5) however, the methyl 
groups do not affect the relative orientation, 
because of the geometry of TCNQ molecule. 
Since the electron affinity of TCNQ is much
larger than that of TCNB, the π-π interaction is

much stronger than that in this complex. Con-
sequently no local specific interaction occurs and 
the charge transfer force should result in small 
molecular separation. 

The Quantity of the Charge Transfer 

A most interesting point to be pursued will be 
the problem of the quantity of the charge transfer 
which may take place between the donor molecule

6(a)

6(b)

Fig. 6(a) and 6(b). The relation between crystal-
lographic axes a', b,' c' and a, b, c. The range 
of integration is shown by the shaded area, (a)
viewed along [110], (b) viewed along [102].

6) R. S. Mulliken, J. Am. Chem. Soc., 72, 600 (1950) ; 
ibid., 74, 811 (1952); J. Phys. Chem., 56, 801 (1952).

7) S. Iwata, J. Tanaka and S. Nagakura, J. Am. 
Chem. Soc., 88, 894 (1966).
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and the acceptor molecule. In the case of quin-
hydrone,3) this quantity was estimated to be 0.21 
in electron units from the direct integration of the 
charge density. In the present case, the following 
favorable conditions will enable us to estimate
the amount of the charge transfer by the same 
method : 

(1) Each of the bulk of the space occupied by 
the two component molecules is equal. 

(2) The molecules lie in the plane having 
simple Miller index. 

(3) The total number of electrons of the two 
molecules are equal. 

In order to integrate the electron density over
a molecule, it is convenient to transform the crystal 
axes into a new set a', b' and c' as shown in Fig. 6(a) 
and (b). The relations between these two co-
ordinate systems are expressed by a'=2a+2b+c, 
b'=-2a+2b-c and c'=-a+2c. In this case, 
a' and b' are nearly on the molecular plane. a'
nearly coincides with the long axes of the two com-
ponent molecules. b' is nearly perpendicular 
to a'. c' is almost perpendicular to the molec-
ular plane. Referring to this new coordinate 
system, the Miller indices are expressed by h'=
2h+2k+1, k'=-2h+2k-1 and 1'=-h+21. The 
charge of TMPD molecule and TCNB molecule 
is given by:

(1)

and

(2)

respectively, where

(3)

The range of integration is shown by the shaded
area in Fig. 6. After integration, (1) and (2) become

(4) 

(5)

where

(6)
Only 515 reflections out of the total of 1233 

reflections are necessary for this calculation,

because of the presence of the sine terms. 

The characteristic features of the molecular

arrangement make the intensities of all these reflec-

tions weak or medium. Consequently the extinc-

tion effect for these reflections are negligible. 

Because of the presence of h', k' and l' in the

denominators of each term, the higher order terms 

are less important. Moreover, all of the most 

important terms were incidentally obtained on 

first layer photographs of c-axis rotation. By virtue 

of those favorable circumstances mentioned above 

the errors accompanying the calculations of total 

charge in a molecule are conceived to be fairly

small. 

In order to check the validity of the choice of

the region occupied by the two component mole-

cules, ⊿Q given by Eqs.(4) and (5) was calculated

using Fc instead of F0. Since the scattering factors 

used for the calculation of the structure factors are

those for neutral atoms, the value ⊿Qc thus obtained

should be zero. If it is not zero,⊿Qc should be

used as a correction to be applied to ⊿Q. The

result of calculation indicated that 0.04 in electron 

units protruded beyond the region of integration 

from the acceptor to the donor. This small value, 

however, appears to be the upper limit of the 

correction, because the hydrogen atoms of the 

methyl groups were excluded from the calculation 

of the structure factors. Consequently this cor-

rection was negligible. 

The results of calculation showed that

Thus it can be concluded that the quantity of 

the charge transfer is 0.24 in electron units, that 

is 0.12 electron units of charge per one pair of 

C=N and N. From the optical absorption spectrum

of the quinhydrone crystal,9) Suzuki calculated

that the amount of charge transfer is 0.04 e.10)

The fact that more charge is transferred in n-σ

interaction than in the case of π-σ interactions11)

suggests that the amount of charge transfer in

n-π interaction will be much larger than that in

π-π interaction. Consequently the value of 0.12e

obtained in this investigation seems to be plausible. 

Calculations were carried out on FACOM 202 

computer at this Institute and on HITAC 5020 at

the Computer Center of this University. 

The authors are grateful to Professor S. Nagakura 

and Dr. S. Iwata for kind supply of the specimens 

and valuable discussions. Part of the cost of the 

study was defrayed by a Scientific Research Grant 

of the Ministry of Education, to which the authors' 

thanks are due.

8) T. Sakurai, Acta Cryst., 19, 320 (1965).
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plexe," Springer-Verlag, Berlin, Gottingen, Heidelberg (1961)
.


