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Complexes of tetracyanoquinodimethan have been prepared with a number of aromatic di-

amines which are varied in their molecular shape and ionization potential. Infrared absorption

spectra have revealed most of the complexes to be ionic in character. They showed a strong ESR

absorption; in regard to its temperature dependence, however, three modes of variation were ob-

served for these solid complexes. The complexes with N,N'-diphenyl p-phenylenediamine and

N,N'-di-β-naphthyl-p-phenylenediamine were considered to be of non-bonding type and showed no

ESR absorption. However, no appreciable difference in semiconductive properties has been found
between the ionic type and the non-bonding type complexes, except the complex of diaminodurene-
TCNQ (1:2). The latter showed a high electrical conductivity and a paramagnetic behavior which
was nearly independent of temperature.

In recent years, Weiss' idea1) that some organic
molecular complexes are ionic in their ground state
has been proved by studies of their visible2) and in-
frared3,4) absorption spectra. Usually, as expected,
such ionic complexes are formed by an electron
transfer from a good electron-donor to a good elec-
tron-acceptor, provided that the resulting ion radi-
cals are sufficiently stable.

Although these ion radicals are themselves para-
magnetic, it is of interest to see how their paramagne-
tism is modified upon aggregation. This was
studied by Kainer et al.5-8) in 1950's for the complexes
formed between aromatic diamines and halogenated
benzoquinones. They discussed three possible modes
of variation of the paramagnetism with temperature.
One is a normal magnetic behavior of Curie type,
and others are paramagnetism controlled by thermal
equilibration between magnetic and non-magnetic
states.

Most complexes studied by Kainer et al.5-8) showed
the paramagnetism of Curie type in their tempera-
ture range. In these years, however, the com-

plexes of p-chloranil with diaminodurene9) and p-

phenylenediamine,10,11) and the complexes of iodine
with perylene,12) pyrene12) and benzidine11) have
been shown to be of the other type having a mag-
netic state at thermally accessible position. We
have also found a similar magnetic property with the
complex obtained from N,N,N',N'-tetrametyl-p-
phenylenediamine and 7,7,8,8-tetracyano-p-quino-
dimethan (TCNQ).18)

Our study has been extended to a number of com-
plexes based on TCNQ as an acceptor, using various
aromatic diamines as a donor. Tetracyanoquino-
dimethan is known to possess a marked acceptor
ability, and furthermore, it shows remarkable
stability in its anion radical form, which is an im-
portant property suited to our systematic study.
The complexes studied are tabulated in Table 1, in
which the corresponding abbreviations are also

given.

Experimental

Chemicals. 7,7,8,8-Tetracyano p-quinodimethan was
synthesized from 1,4-cyclohexanedione by the method
described by Acker and Hertler,14) and purified by re-
crystallization from acetonitrile. Diaminodurene was
synthesized from durene by nitration followed by reduc-
tion, and purified by sublimation in a vacuum. Other
aromatic amines were obtained from commercial sources,
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178, 1462 (1956).
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Chem. Phys., 30, 765 (1959).
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ibid., 38, 1898 (1963).
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84, 3370 (1962).



September, 1968] Electronic Properties of TCNQ Complexes of Aromatic Diamines 1999

TABLE 1. THE COMPLEXES STUDIED AND SOLVENTS USED IN PREPARATION

TABLE 2. DETERMINATION OF THE CHEMICAL COMPOSITION OF THE COMPLEXES

a) The concentration of TCNQ was first detemined from the absorbance at 400mμ; its

extinction coefficient at 400mμ was taken to be 67600l/mol.cm.

b) The contribution at 400mμ was neglected in determining the TCNQ concentration.

and used after purification by recrystallization, subli-
mation or -distillation under a reduced pressure. All
solvents used f9r complex formation were commercial
ones, and were used without further purification.

Complex Preparation p-PD-TCNQ. Deep pur-
ple polycrystals .were obtained by mixing a solution of
25mg of TCNQ in 60ml of chloroform with a solution
of 14mg of p-phenylenediamine in 20ml of chloroform
at room temperature.

TMPD-TCNQ. To a saturated solution of Wur-
ster's blue perchlorate in methanol was added a saturated
solution of lithium salt of TCNQ in methanol at room
temperature, and dark green crystals thus formed were
collected.

DAD-TCNQ (1:2). To a solution of 95mg of
diaminodurene in 70ml of ethanol was introduced
hydrogen iodide and then added 150ml of diethyl ether.
White precipitate was obtained. To a solution of 101mg
of the precipitate in 25ml of ethanol was added a solu-
tion of 102mg of TCNQ in 150ml. of chloroform, and the
mixture was allowed to stand overnight at room tem-
perature. Black rod crystals were obtained.

Other complexes were prepared from neutral com-
ponents in a similar manner to that adopted in the
preparation of p-PD-TCNQ. Solvents used are given
in Table 1. In 'some cases, a complex was prepared
under a nitrogen. atmosphere and sealed into a sample
tube without being& exposed to air. Its ESR absorption
was found to be identical, in every way, with that of

the corresponding complex prepared in air.
Visible Absorption Measurement. To determine

composition of a complex,. visible absorption spectrum
was examined for a dilute solution of the complex in
dichloromethane, in which the complex dissociated into
components of their neutral form. Their extinction
coefficients at the relevant wavelengths were determined
separately, as shown in Table 2. Using these values,
the composition of a complex was estimated from the
observed absorption spectra. In some cases, an ele-
mentary analysis was also adopted for comparison.

Infrared Absorption Measurement. Absorption
spectra in the infrared region were measured using the
method of Nujol mulls to Sigtermine whether the com-
plexes were ionic or not. Lithium salt of TCNQ and
bromide of the amines, as well as neutral TCNQ and
amines, were used as references.

ESR Absorption Measurement. Electron spin
resonance (ESR) measurements were made with a
Hitachi X-band spectrometer. To control temperature,
nitrogen gas at various temperatures was introduced into
a cavity through a quartz dewar and blown toward a
sample tube. The temperature was measured by means
of a thermocouple attached to a sample. The relative
spin concentrations at various temperatures were obtained
by integration of derivative curves recorded. The
absolute number of spins was determined at room tem-
perature by comparing, the integrated absorption in-
tensity of a sample with that of a standard specimen
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of 1,1-diphenyl-2-picrylhydrazyl, which was calibrated
by a static susceptibility measurement.

Electrical Resistivity. Electrical resistivity of a
complex was measured in a form of compressed pellet by
a DC-method.

Results and Discussion

Composition of the Complexes. Chemical
composition (donor to acceptor ratio) obtained from
an analysis of visible absorption spectra is given in
Table 2. To a molecular complex, however, it is
quite reasonable to assume the stoichiometric ratio
as is given in the last column of Table 2. The com-
position of the complex of DEPD-TCNQ was found
to be 2:3. The ratio was different from the one
determined by Melby et al.15) They have given the
ratio of 1:2 to the complex obtained in the same
manner on the basis of an elementary analysis. An
elementary analysis, however, was not sensitive
enough to distinguish the ratios in question. We
thus tentatively adopted the ratio of 2:3.

Characterization of the Complexes. Re-
cently, Matsunaga4) has shown that infrared absorp-
tion spectra can be used successfully in characteriza-
tion of charge transfer complexes of halogenated
p-benzoquinones. This method is also applicable
to TCNQ complexes. The key band in the latter
case is that of the C=N stretching vibration located
around 2200cm-1. For neutral TCNQ, the band
is located at 2223cm-1, and it shifts to 2203cm-1
and becomes somewhat broadened for a typical ion
radical salt of TCNQ with lithium.*1

Fig. 1. Infrared absorption spectrum of the com-
plex of DMPD-TCNQ is compared with that
of related compounds; (a) DMPD, (b) its bro-
mide, (c) the complex, (d) Li+TCNQ- and (e)
TCNQ.

In Fig. 1 are shown,*2 as an example, the infrared
absorption spectra of DMPD, its bromide, DMPD.
TCNQ, lithium salt of TCNQ, and TCNQ. The
C=N stretching band is broadened and shifted to
2200cm-1 for the complex. These features are
identical to those of lithium salt of TCNQ, and sug-

gest the complex is primarily ionic in its ground
state. Further supports are obtained from a com-

parison of the spectra in Fig. 1. For instance, the
C-N stretching vibration band at 1275cm-1 in
DMPD disappears and, instead, a new band ap-

pears at 1385cm-1 by the formation of the com-
plex. The latter band is considered to correspond
to that of the bromide at 1410cm-1. It is thus
concluded that the complex of DMPD-TCNQ is
of ionic type.

In a similar way, the complexes of p-PD-TCNQ,
and DAD-TCNQ (1:1) were characterized as es-
sentially of ionic type. The complex of TMPD-
TCNQ was also shown to be ionic.18) In these com-

plexes, therefore, both donor and acceptor are con-
sidered to exist as paramagnetic ion radicals. The
complex of o-PD-TCNQ (2:1) belongs almost cer-
tainly to this group because of an observed shift and
broadening in the C=N stretching vibration band,
but we are not certain about the structure of the
amine part.

Fig. 2. Infrared absorption spectra of (a) BD,
(b) its bromide, (c) the complex of BD-TCNQ,
(d) Li+TCNQ- and (e) TCNQ.

On the other hand, the infrared absorption spectra

of DNPD-TCNQ and DφPD-TCNQ were found

to be quite in accord with a superposition of spectra

of neutral components. These complexes are thus

15) L. R. Melby, R. J. Harder, W. R. Hertler, W.
Mahler, R. E. Benson and W. E. Mochel, J. Am. Chem.
Soc., 84, 3374 (1962).

*1 Actually, the band consists of three lines at 2171,
2189 and 2203cm-1 for the anion radical salt. The
absorption at 2203cm-1 is the most intense one.

*1 Note that the absorption bands due to Nujol are
not deleted from the spectra in Figs. 1, 2 and 3.
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considered to be of non-bonding type. The com-
plex of BD-TCNQ may also fall into this group, for
which the C≡N stretching vibration band was found

to be sharp and located closely to that of neutral
TCNQ. As is compared in Fig. 2, however, the
entire spectrum of this complex is not explained
either by a superposition of ionic components or by
a superposition of neutral components. At this
moment, therefore, we are not conclusive, but we are
of opinion that the complex may also be of non-
bonding type.

Fig. 3. Infrared absorption spectra of (a) DAD-
TCNQ (1:2), (b) DEPD-TCNQ (2:3), (c)
[Et3NH]+(TCNQ)2-, (d) [Et3NH]+(TCNQ)-
and (e) Li+TCNQ-.

The infrared absorption spectra of DAD-TCNQ
(1:2) and DEPD-TCNQ (2:3) are shown in Fig.
3, together with those of [Et3NH]+(TCNQ)2-,
[Et3NH]+(TCNQ)- and lithium salt of TCNQ. In
these complexes, it was found that the key band
around 2200cm-1 was broadened, and that two new

broad absorptions appeared at 1100 and 1300cm-1.
These features are quite in accordance with the
spectrum of [Et3NH]+(TCNQ)2-.15) Therefore, the
TCNQ part of the complexes was considered to
possess a similar character to that of the latter salt.
The amine part of DAD-TCNQ (1:2) and the 1:2
complex of DEPD-TCNQ, on the other hand, has
been assigned to an onium type cation by Melby
et al.15) This is very likely for the complex of DAD-
TCNQ (1:2) because of its preparation procedure.
From an infrared absorption, we could not deter-
mine whether the amine part in our 2:3 complex
of DEPD-TCNQ takes an onium form or a positive
ion radical form. When it was dissolved in acetoni-
trile, the complex showed a visible absorption spec-
trum characteristic of a positive ion radical of
Wdrster's blue type. We thus concluded that
DEPD exists as an ion radical form in the complex.

Magnetic and Electrical Properties. The
magnetic and electrical properties observed for the
complexes are summarized in Table 3, in which the
complexes are divided into four groups, A, B, C and
D for convenience, according to differences ob-
served in the temperature dependence of ESR ab-
sorption intensities. The complexes in group A
show a rapid intensity drop with the decrease in
temperature, while the complex in group B shows
a very slow descent. Group C includes the com-

plexes for which the paramagnetism is of Curie
type, and group D stands for the complexes of no
ESR absorption.

The complexes of p-PD-TCNQ, DMPD-TCNQ,
DAD-TCNQ (1:1) and o-PD-TCNQ (2:1), as
well as TMPD-TCNQ,13) fall into group A. The
intensity-temperature curves are shown in Figs. 4 and
5. A common feature of this group is that the ESR
absorption loses its intensity rather sharply in the
higher temperature region when the temperature is
lowered. In the lower temperature region, how-
ever, these complexes behave differently. For p-
PD-TCNQ and TMPD-TCNQ, the intensity
reaches to its minimum and then increases as the

TABLE 3. MAGNETIC AND ELECTRICAL PROPERTIES OF THE COMPLEXES

a) Number of spins per one mole of a complex at room temperature, 296°K.

b) Slight change in intensity; about 20% decrease from 300 to 120°K.
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Fig. 4. Relative ESR absorption intensities of the
complexes of (a) p-PD-TCNQ, (b) TMPD-
TCNQ, (c) DMPD-TCNQ and (d) o-PD-TCNQ
(2:1) are plotted against temperature. The
intensities are arbitrarily normalized to unity at
room temperature.

temperature decreases, while the other complexes

show no minimum and their intensity traces a pla-

teau. For these complexes, the ESR absorption in-

tensity I in the higher temperature region was

analysed by an equation

where C is a constant and J is an activation energy
for generation of a magnetic state. A plot of ln (1T)
vs. 1/T yielded a straight line, whence the J-values

Fig. 5. Plot of relative ESR absorption intensities
as a function of temperature for complex of
DAD-TCNQ (1:1).

in Table 3 were obtained.*3
For the complex of DAD-TCNQ (1:1), there was

only a slight decrease in its ESR absorption intensity
below room temperature. As shown in Fig. 5,
however, we observed . a sharp increase in intensity
when the temperature was raised above room tem-

perature. This change was found to be completely
reversible, and the J-value listed was determined
from this part of temperature dependence.

Other ESR behaviors of the complexes in group
A are more or less identical with each other. The
line width was found to change with temperature
with a single exception of p-PD-TCNQ. The line
width was, in general, very sharp at room tempera-
ture, but it was broadened by factors of 2-5 by
lowering the temperature. The complex of p-PD.
TCNQ showed virtually no broadening effect over
the whole temperature range. The absorption for
the complexes of DAD-TCNQ (1:1), o-PD-TCNQ

(2:1) and DMPD-TCNQ consisted of a single line,
while the other complexes showed a structure char-
acteristic of g-factor anisotropy. The line shape was
not affected by an introduction of air for all com-
plexes in group A.

It should be noted that the spin concentrations at
room temperature are not consistent with the order
of the J-values. Higher concentration may be ex-
pected for a complex with smaller J-value. The
complex of o-PD-TCNQ (2:1) is of the smallest
J-value, but it has the lowest concentration. 

Electrical resistivity of these complexes was found
to be rather high at room temperature compared to
that of groups B and C. The activation energy E
for electrical conduction in the equation of σ=σ0

exp (-E/κT) was also relatively large, and always

larger than that for spin excitation (J). For the
complex of p-PD-TCNQ, however, both activation
energies were found to be virtually coincident within

*3 A correction was made for the intensities in the
higher temperature region of the complexes, p-PD-TCNQ
and TMPD-TCNQ, by subtracting the intensities
obtained by an extrapolation from the lower temperature
side to the high temperature side.
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a range of experimental accuracy, which would have
some significance in a sense that a similar observa-
tion12) was reported for the complexes of iodine
with perylene and pyrene. In the latter complexes,
the parallelism in both . activation energies has
strongly supported a prediction that conduction
electrons (or holes) are responsible for .the observed
paramagnetism. However, it seems rather hasty to
draw the same conclusion for the complex of p-
PD-TCNQ by reason of the general tendency of E>J
in this group of complexes.

Group B consists of only one member, DAD-
TCNQ (1:2). It should be, however, noted that
this salt is different structurally from other com-
plexes studied here. It has, as shown in Fig. 6, a

Fig. 6. Temperature dependence of relative ESR
absorption intensities for DAD-TCNQ (1:2).

unique paramagnetism similar to that found with
the salts of (quinolinium)+(TCNQ)2- type.16,17)
The intensity-temperature curve was very similar to
that of the lower temperature portion of DAD-
TCNQ (1:1). To check the behavior at higher
temperatures, we raised the temperature above room
temperature, but we could not observe any steep
rise of its ESR absorption intensity. Furthermore,
in contrast to the complexes in group A, the ab-
sorption width was found to be very sensitive to air.
In a vacuum, it gave a sharp absorption with a struc-
ture due to g-factor anisotropy. An introduction
of air caused a remarkable broadening in the width
and the structure was smeared out. The effect of
air on line width is given in Table 4.

TABLE 4. EFFECT OF AIR ON THE ESR ABSORPTION

LINE WITH

* The line width was measured at the half height

of an integrated absorption curve.

The electrical resistivity of DAD-TCNQ (1:2)
was found to be very low and the activation energy
wass also small. These are again a similar feature
of the salt of quinolinium-TCNQ type.16,18) The
ESR line shape of DAD-TCNQ (1:2) was some-
times distorted by skin-effect because of its low
resistivity. Therefore, a possibility that the ob-
served ESR absorption is due to conduction elec-
trons may be considered. In the case of the salt
of (quinolinium)+(TCNQ)2-, the magnetic sus-
ceptibility-temperature curve has been interpreted
in terms of conduction electrons.19)

Fig. 7. The variations of ESR absorption in-
tensities with temperature are illustrated in re-
lative units for the complexes of (a) BD-TCNQ
and (b) DEPD-TCNQ (2:3). The scale for
(a) is shown on left, while for (b) on right.
The actural intensity for (a) is smaller by a
factor of about 102 than that for (b) at room
temperature (see Table 3).

There are two complexes, DEPD-TCNQ (2:3)
and BD-TCNQ, in group C. These complexes
exhibited Curie type paramagnetism, as shown in
Fig. 7, and they showed relatively low electrical
resistivity and small activation energy. However,
other properties of these complexes were found to
differ remarkably from one another. The spin
concentration of DEPD-TCNQ (2:3) was very
high. The absorption line shape was not varied
either by temperature or by air. On the other
hand, the spin concentration of BD-TCNQ was
found to be very low; indeed, there was only one
unpaired electron over about 100 donor-acceptor
pairs. The ESR absorption line shape and width
of BD-TCNQ were found to be sensitive to air,
whereas there was no temperature effect on them.

16) R. G. Kepler, P. E. Bierstedt and R. E. Mer-
rifield, Phys. Rev. Letters, 5, 503 (1960).

17) R. G. Kepler, J. Chem. Phys., 39, 3528 (1963).

18) W. J. Siemons, P. E. Bierstedt and R. G. Kepler,
J. Chem. Phys., 39, 3523 (1963).19

) T. Kondow, K. Siratori and H. Inokuchi, J.Ph
ys. Soc. Japan, 23, 98 (1967).
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A change of line width by air is indicated in Table
4.

A low spin concentration in the complex of BD-
TCNQ suggests its non-bonding character, because,
in complexes of non-bonding type, the spin con-
centration is usually very low and the ESR absorp-
tion intensity varies, in most cases, following Curie
law. However, a relatively high conductivity and
a small activation energy of BD-TCNQ suggest some
difference in property from those of usual weak com-
plexes. These features seem to be correlated to a
difficulty found in characterizing the complex by
the infrared absorption spectrum.

The complexes DPD-TCNQand DNPD-TCNQ
were found to be diamagnetic and classified under

group D. The diamagnetism is consistent with the
results in their infrared absorption spectra.

Conclusion

The complexes studied are found to show a variety
of properties, magnetically, electrically and optical-
ly, even though they are formed between chemically
resembling donors and the same acceptor. An ioni-
zation potential of a donor, for example, is not a
determining factor of a complex character by itself.
To gauge the ionization potential of these donors, we
used wavelengths of absorption maxima of charge-
transfer bands for the complexes of p-bromanil with
the amines in carbon tetrachloride.*4 The results
are given in Table 5. The donors fall into two
groups; most donors have the maxima in the range
of 900-970mμ, and only three donors have the

maxima in 620-670mμ. However, in the former

group, for which the ionization potential is lower
than that for the latter, the donors which give rise

TABLE 5. CHARGE TRANSFER ABSORPTION MAXIMA

OF THE COMPLEXES OF p-BROMANIL WITH THE

AMINES IN CARBON TETRACHLORIDE, AS AN

INDICATION OF THE IONIZATION POTENTIALS

a) There are two charge transfer absorption
bands for the complex.

to a complex of non-bonding type are included, as

well as those giving rise to an ionic complex. The

donors in the latter group give also an ionic com-

plex, although their ionization potentials are higher
than those of DφPD and DNPD. Within our ex-

perimental range, therefore, it is concluded that a
character, dative or non-bonding, of a complex with
a particular acceptor is determined by a conflict be-
tween ionization potential of a donor and its steric
factors. This can be easily seen in a comparison
between a character of TMPD-TCNQ or p-PD-
TCNQ and that of DφPD-TCNQ or DNPD-TCNQ.

Once an ionic character is obtained for a com-

plex, its magnetic behavior is dominated by an
electronic interaction between the unpaired elec-
trons on donor and acceptor ion radicals. If there
is no interaction, the complex will show the para-
magnetism of the Curie type. However, an appre-
ciable amount of interaction may result, as discussed
by Kainer et al.,8) in the paramagnetism of the other
type. For such an interaction, charge-transfer
stabilization of the non-magnetic ground state has
been suggested to explain a somewhat large activa-
tion energy for spin excitation.20,21)

All the ionic charge-transfer complexes studied
except DEPD-TCNQ (2:3) exhibit the latter type
of paramagnetism.*5 Therefore, the paramagnetic
behavior of type in group A seems very common to
the ionic complexes. In the case of DEPD-TCNQ

(2:3), the interaction is, in our opinion, hindered
by the large substituents ard possibly by its anomal-
ous composition.

Finally, it could be mentioned that the ESR be-
haviors of the complexes in group A are consistent,
at least qualitatively, with a prediction for the ESR
absorption of Wannier spin excitons.28) The crystal
structure of the 1:1 complexes in group A is very
well considered to be similar to that of the complex
of TMPD-TCNQ. In the latter complex, the donor
and acceptor ions are stacked alternately and equi-
distantly in a face-to-face manner forming a linear
chain.23) For such a structure, it has been predicted
that spin excitation produces Wannier type spin
excitons, which are observable in ESR. The line
width of the ESR absorption for Wannier type ex-
citons is suggested to be approximately independent
of temperature.22)

The line width for p-PD-TCNQ did not change
with temperature, and our attempts to observe any
fine-structure and Δm=±2 transition have failed for

the complexes in group A. These observations may

suggest the possibility of Wannier spin excitons in

these solid complexes.

*4 Since the complexes of TCNQ with some of the
amines are scarcely soluble in a less polar solvent and
since they dissociate into ions in a polar solvent, it is
very difficult to observe a charge-transfer band of the
TCNQ complexes itself.

20) P. L. Nordio, Z. G. Soos and H. M. McConnell,
Ann. Rev. Phys. Chem., 17, 237 (1966).

21) H. M. McConnell, B. M. Hoffman and R. M.
Metzger, Proc. Natl. Acad. Sci. U. S., 53, 46 (1965).

*5 DAD-TCNQ (1:2) is eliminated in this discussion ,
because of its exceptional structure.

22) Z. G. Soos, J. Chem. Phys., 46, 4284 (1967).
23) A. W. Hanson, Acta Cryst., 19, 610 (1965).


