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The electrical resistivities and Seebeck coefficients of 2: 3 iodine complexes of N-methyl- and N-ethyl-pheno-
thiazines were measured. 'The former complex exhibits a resistivity of 2.0 ohm cm and an activation energy for
semiconduction of 0.20 ¢V at 20°C. Applying the equation of Johnson and Lark-Horowitz for the Seebeck coeffi-
cient of an intrinsic semiconductor, the ratio of the electron mobility to the hole mobility in the N-methyl-pheno-
thiazine complex was found to be 2.08 and the electron mobility was estimated as 0.23 cm2/Vsec. The resistivity

of the N-ethylphenothiazine complex is 74 ohm cm, and the activation energy 0.15 eV at 20°C.
the hole appears to be more mobile by a factor of five than the electron.

In this complex,
Lichtenecker’s logarithmic rule is

observed neither by the resistivity nor by the activation energy of the mixtures of these two complexes.

N-Methyl-phenothiazine has been found by one of
the present authors to form a 2: 3 iodine complex ex-
hibiting an electrical resistivity as low as 1.4 ohm cm
at room temperature.?) As this value is only about
one-tenth of the resistivity shown by the iodine complex
of the unsubstituted donor, it seemed that a further ex-
amination of the size effect of the alkyl group on the
electrical properties would be interesting. A pre-
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1) Y. Matsunaga, Helv. Phys. Acta, 36, 800 (1963).

liminary study of this problem indicated an increase
in the resistivity upon the introduction of larger alkyl
groups.?? However, the comparison made in that study
was merely qualitative because no complexes with a
definite composition were isolated. Here, we wish
to report a comparison of the resistivities and Seebeck
coefficients of 2: 3 iodine complexes of N-methyl- and
N-ethyl-phenothiazines in order to see how the intro-
duction of a larger group modifies the properties.
According to Lichtenecker, a logarithmic rule ap-

2) Y. Matsunaga, Nippon Kagaku Zasshi, 89, 905 (1968).
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plies for the resistivity value when two non-interacting
materials are mechanically mixed.®» The essential
expression derived by him is:

Pm=p1"""ps" (1
where g, is the resistivity of the mixture; p, and 'p,
are the resistivities of the respective components, and

x is the volume fraction of the second component. If
the materials are semiconductors, we obtain:

Pm="Por" "pos” exp{[(1-x)E;++E;]/kT} (2)
where pg, and pg, are preexponential factors of the com-
ponents and where E; and E, are the respective activa-
tion energies for semiconduction. Recently, Ulbert
has studied the electrical properties of mechanical
mixtures of two chemically-stable organic semicon-
ductors, 4,4'-bis(dimethylamino)-diphenylamine iodide
and the iodine complex of N,N’-bis(aminophenyl)-p-
phenylenediamine.? The generalized logarithmic rule,
Eq. (2), has been well observed not only by the re-
sistivity but also by the activation energy of the mixtures.
Therefore, we examined the properties of the mixtures
to see whether or not the same rule applies to the present
iodine complexes.

Experimental

Materials. The N-alkyl-phenothiazines were prepared
by the reaction of the corresponding alkyl iodide on pheno-
thiazine following the procedure given by Bernthsen.) The
complexes were precipitated by mixing the components
dissolved in ether. As was described in our earlier paper,
the complexes dissociate into their components when dissolved
in benzene, so the compositions were determined by iodometric
titration.) For the examination of the (N-methyl- and
N-ethyl-phenothiazines)-iodine, the weighed complexes were
thoroughly mixed by grinding in an agate mortar. Samples
with the following volume percents of the N-ethyl-pheno-
thiazine complex were prepared: 13.5, 27.1, 44.7, 49.4,
58.2, and 72.6.

Measurements. The resistivities of compressed poly-
crystalline samples were measured by a potential probe
method in the range from —90°C to room temperature.
Below the lower limit, the contact between the pellet and
the probe became too sluggish for any reliable measurements
to be made. The pellet and its holder were accommodated
in a thick copper cylinder and cooled with liquid nitrogen.
When the temperature of the sample had been lowered
enough, the whole was transferred into an empty Dewar
and allowed to warm up slowly to room temperature. During
this process, the temperature of the holder was recorded on
the X axis of a Yokogawa X-Y recorder, Type 3078, and
the potential drop between the probes and that in the standard
resistance, on the Y, and Y, axes respectively.

The Seebeck voltage measurements were carried out on
the same pellets as those employed for the resistivity measure-
ments. In this mounting, the faces painted with colloidal
graphite were clamped between copper electrodes. The
temperatures on the upper and lower faces of the pellet were
measured by means of copper-constantan thermocouples
attached to the electrodes. The Seebeck coefficient observed
with a dried colloidal graphite block was 1—3 uV/deg over

3) K. Lichtenecker, Z. Elektrochem., 40, 11 (1934).
4) K. Ulbert, Aust. J. Chem., 23, 1347 (1970).
5) A. Bernthsen, Ann., 230, 73 (1885).
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the entire temperature range; therefore, no correction was
made for the following data. The temperature difference
between the two faces was not controlled except near room
temperature; it ranged from 10 to 30°C. The limit of the
measurable low temperature, the mean value of those tem-
peratures at the two faces, was about —130°C. The meas-
urements were made by recording the Seebeck voltage on
the X axis and the thermocouple potentials on the Y; and
Y, axes.

The densities of the complexes were determined from the
pellets.

Results and Discussion

The complexes of N-methyl- and N-ethyl-pheno-
thiazines consist of two molecules of thiazine and three
of iodine. The former complex is black, and the latter
dark green. They melt at 72° and 74.5°C respectively.
In Fig. 1 the logarithm of the resistivity is plotted

1000 '+0.2

-4+0.1
g 100 %
g "
e 8
Q

Z

2 10 %
kA Q
7 4
# 2
3
)

—4-0.1

1 1 1 1 1
3 4 5 6 7 8
1000/T
Fig. 1. Electrical resistivities ( ) and Seebeck coefficients

(-=——-) of (a) N-methyl-phenothiazine-iodine and (b) N-
ethylphenothiazine-iodine complexes.

against the reciprocal temperature. The plot gives
two straight lines, with a break around —70°C in both
cases. The activation energy for semiconduction, cal-
culated on a basis of:

p=p, exp(E/kT) 3)

is 0.20 eV in the higher temperature region and 0.11 eV
in the lower temperature region of the curve for the
N-methyl-phenothiazine-iodine complex. In our earlier
work, the activation energy was estimated as 0.14 eV
by measurements over a rather narrow temperature
range (from O to 40°C). This value must be com-
pared with that of 0.20 eV obtained in the present
work. The resistivity value at 20°C is 2.0 ohm cm;
it is in reasonable agreement with the previously-
reported one, 1.4ohm cm. Similarly, 0.15 and 0.045eV
can be estimated for the N-ethyl-phenothiazine-iodine
complex. The resistivities at 20°C and the activation
energies at this temperature are summarized in Table
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TABLE 1. ELECTRICAL PROPERTIES OF THE IODINE COMPLEXES
OF PHENOTHIAZINE AND ITS N-ALKYIL DERIVATIVES
IN THE HIGHER TEMPERATURE REGION

o at 20°C
Substituent  (ohm  E(eV) pe/p, — mefmy, Ref.
cm)
None 20 0.17 — — 1
None 13 0.19 — — 6
Methyl 1.4 0.14 — — 1
Methyl 2.0 0.20 2.08 1/130 This work
Ethyl 74 0.15 1/5.0 530 This work

a) By extrapolation of the Seebeck coefficient curve in
the higher temperature region.

1. The values for the phenothiazine-iodine complex,
taken from our previous papers are included for the
sake of comparison.m»® The results clearly indicate
that the methyl substitution makes the arrangement of
thiazine molecules in the iodine complex the optimum
for electrical conduction. When the size of the group
on the nitrogen atom is either smaller or larger, the
overlapping of the thiazine molecules appears to de-
crease, resulting in an increase in the resistivity. Effects
of such a size have been noted in several works on anion-
radical salts derived from tetracyanoquinodimethane
and also those derived from tetrahalo-p-dipheno-
quinones.”"19 It is interesting to note that, contrary
to the iodine complexes, the 2,3-dichloro-5,6-dicyano-
p-benzoquinone complex of N-methyl-phenothiazine was
found to have a resistivity about ten times higher than
that of unsubstituted phenothiazine.?) A compensat-
ing relation between the activation energy and the
logarithm of resistivity has been frequently pointed out
when a series of compounds, such as a series of deriva-
tives of a given compound, is examined.'?-1%  From this
standpoint, the present complexes are rather anomalous.
The most conducting N-methylphenothiazine complex
is found to exhibit the highest activation energy for
semiconduction.

The temperature dependence of the Seebeck co-
efficient, Q, is also presented in Fig. 1. First of all,
the change in the sign by the kind of alkyl group must
be noted; thatis, the coefficient of the N-methyl-pheno-
thiazine complex is negative except near and above
room temperature, while that of the N-ethyl-pheno-
thiazine complex is positive over the whole measurable
range. A further observation of the alternation of the
sign by the substituent is provided by the experiment
on the phenothiazine-iodine complex, the Seebeck co-
efficient of which is positive (about 0.15 mV/deg in the

6) Y. Matsunaga and K. Shono, This Bulletin, 43, 2007
(1970).

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

8) L. R. Melby, Can. J. Chem., 43, 1448 (1965).

9) H. Kusakawa and K. Akashi, This Bulletin, 42, 263 (1969).

10) Y. Matsunaga and Y. Narita, ibid., 45, 408 (1972).

11) Y. Matsunaga, Nature, 205, 72 (1965).

12) M. S. Frant and R. Eiss, J. Electrochem. Soc., 110, 769 (1963).

13) F. Beck, Ber. Bunsenges. Physik. Chem., 68, 558 (1964).

14) K. Ulbert, J. Polymer Sci., Part C, No. 22, 881 (1969).
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vicinity of room temperature).’® It must be added
that the sign of the Seebeck coefficient in the pheno-
thiazine-iodine system has been reported by Bhat and
Rao to vary with the donor-acceptor ratio.'® The
following values, measured at 30°C, have been pre-
sented by them: +40.132 mV/deg at a composition of
1:3, —0.150 mV/deg at 1:1, and +0.300 mV/deg at
3:1. Unfortunately, none of the compositions men-
tioned here corresponds to the 2: 3 stoichiometry re-
ported by us and also by Gutmann and Keyzer.1,6:17)

The higher-temperature region of the curve is prac-
tically straight and seems to fit in with the expression
for the thermoelectric motive force of an intrinsic
semiconductor :18:19

k(b6—1/[E, 3 . m,
o=l vy i) o

where Eg is the width of the forbidden band and where
m, and m, are the effective masses of the electron and
the hole respectively. In this equation, b denotes the
ratio of the electron mobility, u, to the hole mobility,
Un; it is given by:

=t B iy |5 aorm) ©
un, 2 A(103/T) JL2 " 4(103T)

provided that Q is measured in mV. The application
of these two equations implies that we should accept
the band model as a basic work hypothesis. In the
case of the N-methyl-phenothiazine complex, b is
evaluated as 2.08, assuming that FE;/2=0.20eV. As
is shown in Fig. 1, the change of the sign is observed
at 103/7=3.60. Therefore, m,[m, can be estimated to
be about 130 by means of Eq. (4). The values obtained
for the N-ethyl-phenothiazine complex are listed in

Table 1. The conductivity, o, is given by:
o= = etV expl-ERT) = (1)

Nexp(-E/kT) (6)

where N=2.53x10%2 N-methyl-phenothiazine molec-
ules or 2.30 x 1022 N-ethyl-phenothiazine molecules per
cm? of the complex. With the values given in Table 1,
the electron mobility in the N-methyl-phenothiazine
complex is estimated as 0.23 cm?/Vsec. This value
falls right on the borderline between the band and
hopping conduction and is of the same order as the
only known Hall mobility observed with iodine com-
plexes.22  On the other hand, the hole mobility in the
N-ethyl-phenothiazine complex is estimated to be
smaller by a factor of hundreds. The width of a for-
bidden band is expected to reflect the strength of the in-
teractions amongst the molecular orbitals; this strength,
in turn, depends upon the degree of overlap of the
orbitals. When the overlap is poor, the band is narrow

15) Y. Suzuki and Y. Matsunaga, Paper presented at the 24th
Annual Meeting of the Chemical Society of Japan, Suita, April
1971.

16) S. N. Bhat and C. N. R. Rao, Can. J. Chem., 47, 3899 (1969).

17) F. Gutmann and H. Keyzer, J. Chem. Phys., 46, 1969 (1967).

18) V. A. Johnson and K. Lark-Horowitz, Phys. Rev., 92, 226
(1953).

19) J. Tauc, ibid., 95, 1394 (1954).

20) A. M. Hermann and A, Rembaum, J. 4ppl. Phys., 37, 3642
(1966). :
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and the carrier mobility is low. Consequently, both
the small activation energy and the high resistivity
observed in the N-ethyl-phenothiazine complex may be
attributed to the poor overlapping of the thiazine
molecules.

The slope of the Seebeck coeflicient curve of the N-
methylphenothiazine complex gradually becomes smal-
ler in the temperature region which is markedly lower
than the break observed in the resistivity curve. In
the lower temperature region, the complex may be
considered as an extrinsic semiconductor. The See-
beck coefficient may be expressed by:

3/2

oms Honss (257" ]
where ¢ is the concentration of the free electron or the
hole, depending upon which is the major carrier and
where m* is the effective mass of the carrier. If kT
is relatively small compared with the energy difference,
AE, between an impurity level and the edge of the con-
duction or valence band, Q can be approximated by:

Q=+k

e

where C represents all the terms independent of the
temperature. This expression is for a semiconductor
with a partially-ionized impurity level. The (3/2)
In(kT) and AE/2kT terms vary in the opposite direc-
tion with respect to the temperature. As was pointed
out by Hadek and Ulbert, a relatively good compensa-
tion between these two terms can be expected when
the activation energy, AE[2, is about 0.02 V.20 If
we assume that the activation energy estimated by the
resistivity measurement in the lower temperature region
is valid even in the lower temperature region of the
Seebeck coefficient curve, the change due to the former
term can be expected to be overbalanced by that due
to the latter, in accordance with the observations.
However, the agreement is only qualitative. For ex-
ample, the slope in the unit of 4Q [4(103/T') is calculated
by Eq. (8) to be about 0.08 mV if AE/2=0.11¢eV.
This value cannot be differentiated from the slope
found in the higher temperature region. Unless the
change in the activation energy occurs below the lower
limit of the resistivity measurement, the observed slope
is in serious disagreement with the calculated one. In
the case of the N-ethyl-phenothiazine complex, the
changes in the slope of the Seebeck coefficient curve
are found around —15 and —50°C (103/7T=3.9 and
4.5). None of them is located close to the break in the
resistivity curve. The observed slope in the inter-
mediate temperature region, 0.18 mV, is appreciably
higher than that given by Eq. (8) with 4E/2=0.045
eV. Thus, it appears to be difficult to explain the
Seebeck coeflicient in the lower temperature region
by the band model. This conclusion is not surprising
if we consider the values of the carrier mobilities esti-
mated above.

The resistivity-composition isotherms at 103/7=3.5
and 4.5, where the component complexes may be sup-
posed to behave as intrinsic and extrinsic semiconductors

[C + —g—ln(kTH-AE/Zk T] (8)

21) V. Hadek and K. Ulbert, Coll. Czech. Chem. Commun., 32,
1118 (1967).
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Fig. 2. Resistivities at (a) 103/T=3.5 and (b) 103/T=4.5
and (c) activation energies for semiconduction in the lower
temperature region determined for the mixtures of iodine
complexes of N-methyl- and N-ethyl-phenothiazines.

respectively, are presented in Fig. 2. Clearly, the
present system does not obey Lichtenecker’s logarithmic
rule. The resistivity of the mixture at room tempera-
ture is much higher than that given by Eq. (1) when the
volume percent of the N-ethyl-phenothiazine complex
is less than 509, and much lower when the percent
is higher than 509%,. In other words, the resistivity
of the component complex is much more sensitive to
the addition of a small amount of the other one than
one would expect from Eq. (1). The resistivity ex-
hibits a rather complicated temperature-dependence
near room temperature; therefore, the relationship
between the activation energy and the composition
cannot be obtained.

When the temperature is lowered below —20°C
(103/T=4.0), straight lines are obtained in the re-
sistivity curve of all the mixtures. The isotherm at
103/ T=4.5 bears some resemblance to that observed
in the higher temperature region. The deviation from
Eq. (1) is small when the percent of the N-ethyl-pheno-
thiazine complex is high; however, such a coincidence
is accidental. As is plotted in Fig. 2, the activation
energy does not obey Eq. (2), but depends, in a com-
plicated way, on the composition. A marked maximum
in the activation energy is found around 759, (see Curve
¢ in Fig. 2); therefore, the resistivity-composition iso-
therm gives a large positive deviation from Eq. (1) in
the entire composition if measured below —70°C
(103/T=5.0). As a result, an increase in the resistivity
of the N-ethyl-phenothiazine complex by the addition
of a small amount of the N-methyl-phenothiazine com-
plex is observed in such a temperature range. In
addition, it must be noted that the shallow minimum

~around 309% in the resistivity-composition isotherm

becomes less pronounced upon cooling. This change
arises partially from the shift of the minimum at a



2100

higher content of the N-ethylphenothiazine complex
to about 509,. The remarkable difference in the
electrical properties between Ulbert’s mixed system and
ours must be attributed to the interaction of the two
complexes in the latter system. As the room tempera-
ture is as high as 0.85 T',, where T, is the melting point
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given in °K, it is very likely that mixing results in the
mutual, possibly partial, dissolution of the complexes.
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