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Introduction

The charge-transfer reaction
D:+ A —» (DF) (A7)

has been successfully used to synthesize highly conducting molecular
complexes from non-conducting constituent molecules. In electronic terms,
the process involves the transfer of an electron from the highest filled
orbital of the donor D to the lowest unfilled orbital of the acceptor A.
During recent years, considerable research has been undertaken to evaluate
the molecular parameters responsible for high conductivity in these
charge-transfer salts. Several excellent reviews on the subject are
avai]ab]e,] but a brief synopsis is given here as background.

Organic charge-transfer reactions produce radical cations and/or
radical anions. These radicals must be stable to decomposition and
coupling reactions since the existence of unpaired electrons is a necessary
condition for conductivity.2 The unpaired electrons are believed to he
the charge carriers.3 for charge transfer to occur under moderate condi-
tions, the donor must have a low ionization potential and the acceptor
should have a high electron affinity.4 It is essential that planar mole-
cules be used since molecular stacking in the solid state is a prerequisite
for band formation. The now classic examples of highly conducting mole-
cular solids, i.e. the charge-transfer derivatives of the planar organic
molecule tetracyanoquinodimethane (TCNQ)5 and the square-planar coordina-
tion complex KyPt(CN)g, contain one-dimensional columns of planar mole-
cules stacked face-to-face.b It is apparent that the free electrons and
holes created by charge-transfer are delocalized along these columns.
There are other crucial requirements, e.g. the stacking must be segregated,

uniform, and closely spaced, which must be met before delocalization is

realized, but which are difficult to control synthetically.’
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The above guidelines are consistent with the available experimental

evidence, but in general it is difficult to design new conducting systems.
Ionization potentials and electron affinities for organic molecules are
not widely known and crystal structures cannot be predicted a priori.

In practice, the best method of approach often proves to be trial and
error. Conductivity measurements on chemical systems are not trivial,

but can be performed rapidly and accurately with the proper equipment
thereby allowing the screening of a large number of potentially conduct-
ing compounds. This is essential if information is to be gained by varia-
tion of chemical parameters.

One of the goals of this project was the design of a conductivity
call that would allow rapid and accurate measurement of conductivity.
Having accomplished this, the next goal was to find a new chemical system(s)
with high conductivity. The final goal was to characterize the electrical
properties of that system(s) using variable-frequency und variable-temp-
erature conductivity measurements, cyclic voltammetry, electron-spin
resonance, and absorption spectroscopy.

It was discovered that the addition products of a series of diaminoan-
thraquinones with molecular iodine and copper(Il) halides showed radically
different electrical properties. The structure of 1,2-diaminoanthraquinone
(1,2-DAAQ), 1,4-diaminoanthraquinone(1,4-DAAQ), and 1,5-diaminoanthraquinone
(1,5-DAAQ) are presented in figure 1. The results of the investigations
spawned by this series of molecules is reported herein. In addition, the
charge-transfer salt of phenothiazine (PH) and iodine was reinvestigated,
This was deemed important because there are inconsistencies

in the literature concerning the electrical properties of this sa]t.8
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Synthesis

Phenothiazine, 1,2-diaminoanthraquinone, 1,4-diaminoanthraquinons
(97%), and 1,5-diaminoanthraquinone (97%) were obtained from Aldrich
Chemical Company, and were used as received. Copper(II) chloride diny-
drate was obtained in analytical grade from Mallinckrodt Chemical Works.
Copper(II1) bromide and molecular jodine were obtained from Allied Chemical.

A11 complexes were prepared by direct addition of donor and acceptors

DAAQ-I, complexes were prepared by dispersing and mixing stoi-
chiometric amounts of diaminoanthraguinone with iodine in a small volume
of carbon tetrachloride, whereupon the mixture was taken to dryness and
ground to a fine powder. This sequence was repeated several times until
a homogeneous product was obtained. No washing or filtration was usad
to isolate the product; hence, the product stoichiometry is the reactant
stoichiometry. Once it was establishad (see below) that complexes con-
taining 1,4~DAAQ were highly conducting, it became of interest to deter-
mine what ratio of 1,4-DAAQ to iodine would generate tna lowest resistivity.
Complexes were therefore synthesized according to the following stoichiome-
tries: 2:1, 1:1, 2:3, and 1:2. These iodine-containing complexss ware
not vacuum dried to avoid sublimation of iodine.

DAAQ - CuX, (X = C1, Br) complexes ware prepared by dissolving equi-
molar amounts of diaminoanthraquinone and copper halide in absolute
methanol, whereupon the solution was spun to dryness and the, product
ground to a fine powder. This procedure was executed twice, but on the

third cycle, the wet product was isolated by suction filtration and dried




overnight under vacuum.

E| The Pli*Io complex was prepared by dissolving phenctniazine and iodine

in a 2:3 molar ratio in acetonitrile and spinning the solution to dryness,

whereupon the product was isolated without washing or filtration.

The various reactant stoichiometries are reported along with the
B product stoichiometries, with analyses where available, in Table 1. Tnhrze
1,4-DAAQ adducts and the phenothiazine complex were analyzed by Galbraitn

! Laboratories of Knoxville, Tennessee and the analyses are reported in
Table 2. The large deviations from the theoretical stoicniometries seen
for some elements indicate the non-stoichiometry of these charga-trensfer
complexes. It should be noticed that the analytic stoichiometry for 1,é-
DAAO“CuBr. is 3:2. This differs from the analytical stoichiometry coserved

2 b
for 1,4-DAA0-CuCly which is 1:1. The difference probably lies in tha larger l

5ize of bromide versus chloride anion.

The Resistivity Measurement

1. Preparation of Samples by Compaction i
Single crystals of the materials under study were not available, ‘

so samples of each were prepared as compactions. The products were first

vacuum dried, where possible, to remove all traces of soivent and moisture
(water, methanol, and acetonitrile are conducting media) whereupon tney
vere thoroughly ground into fine powders for uniformity. The powders

were then compacted into rigid pellets, 1.30 cm in diameter by 0.2 cm thick,

using a Beckman KBr die and 25 ton Ring Press. In order that each sample

could be meaningfully compared, ten tons of pressure was used to compact

each pellet.
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TABLE 1

B e e

Synthesis of Charge-Transfer Complexes

—r—

e o e

Donor + Acceptor Reactant Stoichiometry Product Stoichiometry*

| Phenothiazine + I2 26248 2::3
} 1,4-DAAQ + I, 2:1
: 1:1

4 2:3 2:3
42

1,4-DAAQ + CuCl2 1:1 150 1

1,4-DAAQ + CuBr2 LT 3izi2
1,2-DAAQ + CuCl2 13
; 1,2-DAAQ + CuBr, e
1,5-DAAQ + 12 223
1,5-DAAQ + CuCl2 Izl

*When available.
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Measurements taken on single crystals are enormously mcre reliadls
for the fo'lowing reasons: a) The resistivity of a2 compacted sampiz is
a function of the applied pressure, and it is always greater than tne
single crystal value. This is due to interparticle contact resistance,

enc

[4¥]

w

which arises at the grain boundaries during compaction. b) The pre
9

of this resistance serves to distort the activation energy.” c¢) Single
crystals are usually anisotropic in resistivity, but this information is
lost using compressed powders since each grain is randomly oriented in
the pellet. Measurements an compacted samples are therefore strictly
semi-quantitative. They are suitable for characterization, however,
especially when single crystals are not available. Evidence]o suggests that
the resistivity of a compacted sample averages no more than two ordears
of magnitude above single crystal values, and it must be borne in mind
that the resistivity spectrum spans almost thirty orders of magnituda.
2. Resistivity (and Conductivity) from Resistance.

Resistivity, p, has units of ohm-centimeters and is directly related
to the resistance of the sample by a geometric factor as follows:

o =R (area)

(Tength) -
for cylindrical pellets, the length is just the thickness. In practice
the resistance is usually calculated from Ohm's Law by measuring the
voltage drop induced by passing a known, constant current between t.o
opposite faces of the sample (R = %). Conductivity, ¢, is just the
reciprocal of resistivity and has units of reciprocal ohm-centimeters.

3. The Resijstance Measurement

The conductivity cell used to obtain resistance measurements in tnis

project is shown in Figure 2. The sample, a, is held between two flat,
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FIGURE 2. The Conductivity Cell
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a)
b)
c)

d)
e)
£)
g)
h)
i}
k)
1)
m)
n)
0)
p)
q)
r)

TOQ. FIGURE 2:
sample
upper electrode

lower electrode, fit into.a glass cup, wiich fics
into a recess in the metal plate
insulated wire connecting lower electrode to BLC cenmnector
BNC connector
spring, steel
top plate of cell, brass
inner cannister, brass
outer cannister, brass
tube, brass
side tube, room temperature nitrogen inlet
cold nitrogen inlet
cold nitrogen outlet
silicon diode temperature sensor (Lake Shore)
diode lead to current source and voltmeter
1/4" copper plate with cylindrical recess drillzd 3/16" d=zp

support rod
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spring-loaded copper electrodes, b and c. The upper electrode connects

to the outer terminal of a BNC connector e through the case and is at
ground potential. The lower electrode is insulated from the case and con-
nects to the inner BNC terminal. This circuitry was adapted from an

i of the UNC-CH Department of Physics.

apparatus designed by Mr. R.J. Lieb
The resistance measurement consists of connecting the electrode assembly
to a Kiethley 227 Current Source (d.c.) via the BNC connector, applying
a current, and reading the induced voltage drop from a voltmeter connected
across the current leads.

The advantages of using this particular two-probe conductivity cell
are that it allows rapid interchanging of samples and facile calibration
using standard resistors. The cell is designed so that the electrodes
can be easily removed from the apparatus for cleanings, which is a require-
ment for each new sample. With prolonged use, an oxide surface layer forms,
and this can be easily removed by acid treatment or grinding. In addition,
the actual hardware used in this project included three cells so that
three samples could be measured simultaneously during a low temperature
run. The extra cells were accomodated by drilling two additional reces-
sions in the small metal plate, g, shown in Figure 2. Each cell was
connected to its own BNC connector. The advantages achieved by reducing
experimental time and nitrogen consumption were enormous.

The one disadvantage associated with two-probe measurements is the
possibility of contact resistance, which sometimes arises at the electrode-

sample interfaces and causes the measured resistance of the sample to be

abnormally high. This resistance is non-ohmic however, and can be detected




by measuring the resistance of the sample at several small d.c. currents.
If the resistance does not vary, then it may be assumed that contact
resistance is absent.]z The standard way to circumvent this problem is
to utilize a four-probe electrode arrangement.

A11 samples used in this project were tested in the cell for contact
resistance. Only the CuCl, adduct of 1,4-DAAQ showed recurring contact
resistance and it should be realized that the resistivity reported for
this compound is probably greater than the vaiue intrinsic to the sample.

4. Cryogenic Equipment

Variable temperature resistance measurements are essential in the elec-
trical characterization of a solid. The low temperature instrumentation
and technique reported here were adapted from that described by J.G. Fitz.]3

The conductivity cell descrioed above is equipped with two brass
cannisters for cryogenic temperature control (see Figure 2). Theae1ectrode
assembly is bolted inside the smaiier cannister, h whica, in turn, is
bolted inside the iarger container, i. Nitrogen gas from a pressurized
tank is passed through a coil of copper tubing immersed in a dewar
containing liquid nitrogen. The chilled gas exits the coil and enters
the space between the outer and inner cernisters via the inlet m, thus
cooling the sample. Tha temperature of the gas is controlled by varying
the flow rate through the coil. The inner cannister is purged with a small
flow of room tempercture nitrcgen to prevent freezing of moisture con the
electrode assembly and sample. The whole apparatus is fit inside a large
styrofoam block linad with aluminum fcil and covered with glass woel for

thermal insulation. The sample temperature can be taken to 77°K by

usina a high flow rate and adequate insulation.
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The temperature is monitored with a calibrated siliceon diods, o,

obtained from Lak2 Shore Cryotronics, Inc,]4 that was mounted in the

center of the copper plate, q, holdirg tha electrods escembly. Tne diode

is driven with a constan*t current of ten microamperes, which irdicas a
temperature-dependent voltage drop measured by voltmeter. A least sguares
olot of the Tinear nortion of the calibration table providad by Laks

| Shore resulted in an eguation for the temperature as a functicn of diode
voltage and this equation was used to calculate the sample temperature.
The use of a diode rather than the traditional thermocounle rasulis in
a greatly simplified temperature measurement and allcws cirect observation

of the rate of temperature change.

Resistance versus Frequency Measurements

Compaction of powdered materials gives rise to internarticle contact

resistance, with the result that the observed resistanca is the sum of

the single crystal value plus the interparticle contribution. Huqgins

| and Sha.r'l:\auqh]5 have proposed an attractive method feor eliminating

TR

this interparticle component. Their theory and method are reviewzd and

g

expanded here, with a discussion of instrumentation.
The two scurces of resistance in a compacted sample, namely, the
material itself and the grain bourdaries, are also sources of capacitance.
To a first approximation, the resistance ani cenacitancz of each source
are connected in parallel, and both parallel RC combinations are connected
in series, as shown in the equivalent circuit in figure 32. Ry and Cg ]

are the sample resistance and capacitance, respectively, and Ripc and Cipc
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are the interparticle contact resistance and capacitence, respectively.

A d.c. current flowing through this circuit sees only the two resistances,

but the situation is different for alternating current, which sees th=
canacitance as well. The capacitive reactance X, = }f‘?nd the resistance
in each RC loop couple vectorially to gererate an impedance which is
frequency dependent. Impedances in series are additi?e, so the mzasure-
ment voltage/current for 2 compacted sample is the sum of the imnedances

from each source.

The complex impedance in each RC loop is given by the equaticon

i ,]

where j = /-1 and w» is the angular frequency of the current, whicn is
derived from the addition law of narallel impedarces. This equation ]
requires that the impedance must decrease (roll off) in magnitude =s
the frequency is increased. An idealized Bode plot 2f log Z versus log
w is shown in rigure 3b. The break point is determined by a time constant

t = RC, which correspcnds to a frequency Wy L. %T']6 It should be
. i

noticed that the plot is approximately horizontal out to «, i.e. from zero

to wy: Z s approximately equal to R.

for two parallel RC loops in series, as required for a compacted

sample, the impedance measured is the sum

B o o Ry

s St Rl SR MR ey o

The two impedances roll off independent of each other, each responding :

to its characteristic time constant. The impedance with the larger time constan‘

ol
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roils off at a lower Wy If the time constants are rmany ordars of magni-
tude different, the log Z versus log w plot shows two well-resolved roll-
off curves, as in tigure 3¢.

The impedance at o equal to zevo is R] plus R2. If R]C] is much
greater than R2C2, the horizontal portion of the curve between thz break
points (enclosed in parenthesis in Figure 3c) is eoual to Rp; similarly,
for RoCy much greater than RyCy, the horizontal portion is equal to Ry.

Now let Ry = Rg, €y = C5, Ry = Ripc’ and Cp = CipC' Huggins and
Sharbaugh]7 made the assumption that Ripc was larger than Rg and that
Cijpc was much larger than Cg, with the result thet the interparticle
contact impnedance rolls off at low frequencies, leaving the impedance
intrisic to the material to rnl]l off at high frequercies. This can be
understood in terms of the time constants. Thus, if tn2 frequency of the
alternating current course is scanned out to high fregquencies and fwo well-
resolved roll-off curves can be obtained, the curve at higher freouancies
should correspond to the single crystal impedance. The single crystal

resistance can be easily obtained from the graph by extrapolatina from

the horizontal portion between the break points to the y-axis.

*

This graphical analysis will not be possible if ths time constants

3

are similar and the roll-off curves overlap. In suoport of the sssumptions,
Wheland and Gillson have reported that compacted sample resistivities
averaged two orders of magnitude greater than single crystal values for
highly conducting charge-transfer cnmplexes.]

In terms of instrumentation, two ways of evaluating tha single crystal
resistance were investigated: by alternating-current iheatstone bridge,

and by an alternating current source in conjunction witn an a.c. voltmeter,




T

Lok oo

—— et st

17

Neither method is without its problems, usually because instruments with
loss-free response over a wide range of frequencies are not routinely
available. It is estimated that a bandwidth of zero to 10° Hertz is
desirable as a starting figure. Thus, instrumentation must be carefully
chosen.

It was not possible to perform bridge measurements on the complexes
characterized in this project, since the only available bridge (a General
Radio Type 1615-A Capacitance Bridge) would not measure resistances below
ten kiloohms, but a description of the measurement is given belov for
reference. A schematic of the bridge circuit is shown in Figure 4. An
a.c. voltage source is used to power the bridge. Rj and Ry essentially
control the gain of the instrument. The crucial elements are Ry and C,
connected in parallel to match the sample network, which are variable
components adjusted by decade switches. S is the sample and N is the null
detector. The measurement consists of minimizing the null detector
reading by adjustment of R3 and C. At this point, the value of R3 repre-
sents the equivalent resistance of the samnle. Over a range of frequencies,
R3 will vary between RS + Rypc at Tow frequencies to Rg at high frequencies,
if the assumptions above hold true.

Attention was then turned to impedance measurements (%J, with the

hope of designing a system with a frecuency band width extending out to

the megahertz range. The proposed electrical network is shown in riqure
5a with connections for a two-probe measurement. A summary of the efforts
expended toward this end are included here so that future workers will

penefit from this experience.
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FICURE 5b. Controlled Current Source
using Op Amp for Impedance Measurement




> ety

et Cbol L USSR

WEFTIE S

20

An alternating current source of constant r.m.s. magnitude was needed.
A variable frequency voltage source, a Hewlett-Packard Model 204C, was
available, so methods of voltage-to-current conversion were tested. The
source was first connected to a Kiethley 227 Current Source via the vol-
tage program input terminals in order to generate an a.c. modulated d.c.
current.]9 The d.c. level was set to zero to obtain a pure a.c. current.
A standard resistor was connected to the Kiethley, but voltmeter measure-
ments showed a band pass from zero to 600 Hz and the method was abandoned.
It was then decided to use a Burr-Brown 3507 J op amp as a constant cur-
rent source, connecting the sample in the feed back loop. This circuit
is shown in Figure 5b. This method was abandoned when the band width
proved to be 104 to 10° c.p.s. This was attributed to the band width of
the a.c. voltmeter. In addition, there is a limiting band pass associated
with the conductivity cell, which is high in capacitance due to the volume
of metal present. In summation, the frequency response of instruments
and conductivity cell make impedance measurements very difficult over a
wide range of operating frequencies.

However, frequency-dependent measurements are considered feasible.
Alternating-current bridges are available that have a frequency response
from zero to 106 c.p.s. that can measure resistances less than ten kilo~
ohms. The band width problem of the conductivity cell can be somewhat
alleviated by redésigning the instrument to include less metal (hence less

capacitance).

The room temperature (25°C) resistivities of each of the complexes

reported in Table 1 are recorded in Table 3. The measurements were made
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TABLE 3
Room Temperature Resistivities
(ohm-cm)

Resistivities of DAAQ + Acceptors

donor/acceptor CuCly CuBr, I
1,2-DAAQ >107 >107 4
1,4-DAAQ 8.3 x 10° 3.5 x 103 1.2 x 102
1,5-DAAQ 107 = >107

Resistivities of 1,4-DAAQ-I, System by Stoichiometry:

2:1 2.5 x 103
1:1 1.2 x 10
2:3 2.5 x 10°
1:2 4.8 x 103
Other Resistivities:

sample

phenothiazine:I,(2:3) 3.6 x 10°
1,4-DAAQ(pure) >107

A S s NI ol
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using the conductivity cell described above with d.c. current. The most
significant feature of these data is that the complexes 1,4-DAAQ-I, and

1,4-DAAQ-CuX, (X = C1,Br) show relatively low resistivities of 102 to 103

5
ohm-cm, whereas the complexes 1,2-DAAQ-CuX2, 1,5—DAA0'12, and 1,5-DAAQ-

CuCl, are poorer semiconductors or insulators with resistivities abcve

107 ohm-cm. It has therefore been determined that use of the donor mole-

cule 1,4-diaminoanthraquinone leads to relatively high conductivity,

TRV A DI AT P BT T

whereas 1,2- and 1,5-diaminoanthraquinone are ineffectual in this regard.
To validate these results, the room temoerature resistivity of pure 1,4-

DAAQ was measured and found to be greater than 107 ohm-cm.

Resistivity data for the 1,4-DAAQ-1, system over the stiochiometry
range 1:2 to 2:1 are plotted in Figure 6. It is noted taat the 1,4-DAAQ-I,
complex shows a minimum in resistivity at the stoichiometry 1:1.

Gutmarn and Keyzer20 have found that the phenothiazine:Ip system shows
a resistivity minimum at 2:3 stoichiometry.

Another interesting aspect of these results is that 1,4-DAAQ forms
complexes with both iodine and copper(II) that do not differ greatly in
resistivity, even though these acceptors differ greatly in acceptor strength
and chemistry. Molecular iodine has the higher standard reduction poten-
tial, +0.53 volts, and has no coordination chemistry, whereas copper(II)
shows a smaller one-electron standard reduction potential of +0.15 volts
and can readily coordinate 1,4-DAAQ via the amino and carbonyl groups. By
extension of past findings,ZI it is easy to postulate that crystaliine

1,4-DAA0-12 should contain searegated stacks of planar 1,4-DAAQ molecules

in a matrix of polyiodide species, and that these stacks are one-dimensional
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pathways for electronic conduction, as shown in figure 7. However, an
equivalent structure cannot be easily postulated for 1,4-DAAQ-CuXp (x = €1,
Br) in the solid state because 1,4-DAAQ surely coordinates to the copper
ion. A probable structure is shown in Figure 8 wherc a linear chain of
[Cu(1,4-DAAQ)X2] repeating units is suggested. The amino and carbonyl
groups are predicted to form square planar coordination about copper(I1)
with two halides occupying the axial positions. This is a good assumption
for the 1:1 ],4-DAA0-CuC12 complex, but the 3:2 1,4-DAAQ°CuBr, complex
requires additional explanation in that an additional 1,4-DAAQ molecule
per every two repeating units must be accounted for. The best explanation
js probably intercalation of additional 1,4-DAAQ molecules between adja-
cent linear chains. It is difficult to postulate a conducting pathway

for these copper complexex without crystallographic data and this will

not be attempted. The point is that entirely different structures must

be postulated for the copper and iodine complexes.

Electrical Characterization

The electrical properties of crystalline materials depend on the width
of the energy gap AE between the valence and conduction bands according to
band theory.22 Insulators have prohibitively large energy gaps. Semi-
conductors show lesser gaps, and metals show zero band gaps. In intrinsic
semiconductors, electrons are promoted from the valence band to the con-
duction band by whatever energy is available, where they participate in
conduction. The ratio of the number of electrons in the conduction band
to the number in the valence band follows the Boltzmann distribution, and

from this the conductivity, o, as a function of temperature (T) has been
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FIGURE 7. 1,4-DAAQ°I, Charge-Transler Complex. View is perpendicular to

the axis of stacking. The center column represents a polyiodide chain,

while the outside columns

represent stacks of 1,4-DAAQ molecules.

PPN
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shown23 to be
alT) = 0g €xp (~AE/KT)

where o is a preexponential constant and k is the Boltzmann constant.

0
This equation can be rewritten in terms of resistivity to become the
following

p(T) = pp exp (+aE/KT)
where p, is a preexponential constant.

The conductivity of a semiconductor is therefore expected to increase
as temperature increases. Metals also show a temperature dependent
behavior, but here the conductivity decreases as temperature increases
due to thermally activated lattice vibrations which disrupt the periodic
positive potential through which conduction electrons pass (lattice scat-
tering). It is therefore possible to classify an unknown material from
the temperature dependence of its conductivity: a semiconductor will show
zero conductivity at absolute zero and a positive temperature coefficient
of conductivity do/dT, whereas a metal will show a non-zero conductivity
at absolute zero and a negative do/dT. Some materials however, show both
behaviors in different temperaturae regions, with the transition in beshavior
usually accompaning a structural) phase transition.2*

The band gap AE may be determined from temperature dependent conduc-
tivity (or resistivity) data by plotting the natural logarithm of
resistivity versus the reciprocal temperature. If the plot is linear,
then the band gap can be calculated from the slope of the line by the rela-
tion

slope = éﬁ
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In theory. the band gap can also be determined from absorption spectro-
scopy. Electronic transitions can occur between the top of the valence
band and virtually any energy within the conduction band, so a broad elec-
tronic absorption band is to be expected,the width depending on the width
of the conduction band. Thepoint of interest here, i.e. the band gap
energy, is the lowest energy necessary to promote an electron. This is
found at the low energy edge of the absorption band and is accordingly
called the absorption edge. Optical promotion of valence electrons into
the conduction band is known as photoconductivity.

In practice, it is easier to calculate the activation energy initially
from variable-temperature resistivity data, then attempt to verify its
existence via absorption spectroscopy.

To put the resistivity measurements contained herein in perspective,

it should be noted that the metallic elements copper, silver, gold, and

aluminum show resistivities on the order of 10~

semiconductor germanium shows a resistivity of 10] ohm-cm.25 while most

|

|

6 ohp-cm. The intrinsic {
|

|

14 26 |

ohm-cm.

molecular crystals have values between 1010 and 10

Variable-Temperature Resistivity Measurements

The resistivities of 1,4-DAA0'I2 (2:3), 1,4-DAAQ-CuC1,(1:1), 1,4~

DAAO-CuBr2(3:2) and PH' 1, (2:3) were measured as a function of temperature
between 77°K and 280°K using the procedure and apparatus described above.
Plots of conductivity versus temperature are shown in figures 9 and 12

and plots of Tn(resistivity) versus 1/T are shown in Figures 13 and 16.
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versus 1/T are basically consistent with the followsing conduction mechan-

A1l complexes without exception show temperature dependent conductivity
over the entire region 77°K to 280°K. The positive slope d-/dT indicates

that the complexes are all semiconducting. The plots of In{resistivity)

jsm: one conduction band being expotentially populated as a function of
temperature (intrinsic semiconduction). Small deviations from linearity
are observed, however, especially at higher temperatures. Possible explana-
tions for these deviations are: 1) Temperature-dependent structural tran-
sitions which change the activation energy may be occurring. The curvature
of some plots suggest continuous structural change,which has been observed
before.27 2) Impurities may be present in the solid state lattice which
create additional conduction levels that may be pcopulated expotentially
(extrinsic semiconduction).

A statistical analysis of these deviations is presented in Table 4,
which reports the experimental linear-correlation coefﬁ'cient,28 defined
as R = (b-b')]/z when b = slope of y(x) and b' = slope of x(y). Here
y =1In(resistivity) and x = 1/T. An R value of one is indicative of a com-
pletely linear correlation of y to x, while a value of zero indicates no
correlation. The percent deviations from 1.000 are largest for the coppar(II)
halide adducts of 1,4-DAAQ, indicating that these complexes deviate most
from intrinsic semiconduction.

Table 4 also reports the experimentally determined activation energies,
obtained from the slope of 1n{resistivity) versus 1/T as described above.

A Teast-squares analysis of the data was employed, and the activation energies
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are reported both in electron volts and reciprocal centimeters. The

following conversions were used:

1 erg = 6.242 x 10]] eV
1 eV = 8066 cm!.

Absorption Spectra

To test the hypothesis that electrons can be promoted across the
band gap in the conduction band by optical activation, infrared and
far-infrared spectra were attempted for the complexes 1,4-DAfQ-1,(2:3),1,4-
DAAQ-CuClp(1:1), 1,4-DAAQ*CuBrp{3:2), and phenothiazine-1,(2:3). The infrared
spectra were run on a Perkin-Elmer 421 Spectrophotometer from both Nujol
mulls and potassium bromide pellets, while the far-infrared were run on a
Perkin-Elmer 621 from Nujol mulls. Detailed spectra were impossible

to obtain due to an unusually high absorption baseline, but no absorption

edges were observed at the frequencies predicted in the previous section
or otherwise. The absence of the predicted absorption edge has also been

noted by r'itz.29

Cyclic Voltammetry

The ability of a molecule to donate an electron to an appropriate
acceptor is related to its jonization potential, which is in turn related
to its electrochemical oxidation potential.30 As a general rule, moderately
strong donors (0.1v < Egx < 0.4v) form highly conducting charge-transfer
complexes with moderately strong acceptors (v < E.qq 5_0.35v).3] ror

example, tetrathiofulvalene is one of the best known donors with an oxida-

e SR - s i i ol b M il bt St o x_‘“,d
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tion potential of +0.30 volts versus the saturated calomel electrode,

and this donor participates in the most conductive charge-transfer com-
plex known (TTr-TCNQ). Thus, the oxidation potential of the donor is

a factor which is related to the resu]tanf conductivity of charge-transfer
complexes which are formed from it.

Cyclic voltammetry was used to determine the oxidation potentials
of 1,2-, 1,4-, and 1,5-diaminoanthraquinones and their radical cations in
acetonitrile. tigures 17 through 19 show the voltammograms. A platinum
working electrode was used in conjunction:with a saturated calomel refer-
ence electrode. Tetra-n-butylammonium hexafluorophosphate (TBAH) was the
supporting electrolyte, 0.1 molar in acetonitrile. The voltage sweep
rate was 200 millivolts per second.

It was found that 1,4-DAAQ showed the lowest oxidation potential,
+0.77 volts, versus +0.95 volts for 1,2-DAAQ and +1.31 volts for 1,5-DAAQ
(see Table §). These results were gratifying because, as shown in Table
3, the 1,4-DAAQ adducts showed the lowest resistivities. A correlation
between lTow resistivity and low oxidation potential has thus been estab-
lished for this series of donors.

On the basis of its oxidation potential (0.77 volts), it was not
expected that 1,4-DAAQ would be as good a donor as TTr(0.30 volts), but

the resistivity obtained for 1,4-DAAQ"I, (1:1) is actually less than that

reported for the TTi+Ip complex of identical stoichiometry (b = 103 ohm—cm).32

This is not too surprising however, for it has been demonstrated that other

factors not investigated here, particularly crystal structure and degree
of charge transfer, have important effects on conductivity. The findings
reported within support the conclusion that donor ability is importanc,

but not the only fasctor invoived for high conductivity.
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TABLE 5
Analysis of Diamincanthraquinones by Cyclic Voltammatry

(Oxidation only)

Isomer Ep,a (volts) Ep,c(volts) ;Ep (volts)
1,2-DAA0 +0.95 . =
i
g 1,4-DAAQ +0.77 +0.71 +0.05
|
| 1,5-DAAQ +1.31 +0.85 +0.45
'.
Isomer ip’c (UA) ip’a (UA) ipgc/ip’a
1,2-DAAQ 0 116 -
& | 1,4-DAAQ 34 50 0.68
2 :
£ 1,5-DAAD 15 28 0.54
.‘.
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Anothor factor33 related to the conductivity of charge-transfer com-
plex is electrochemical stability of its constituent radicals. TCNQ forms
% stable radical anions with appropriate donors and TTr forms stable radical
E cations with appropriate acceptors. These radical species stack face-to-
& face in the solid state and form one-dimensional conduction pathways.

i

Other successful donor molecules, such as phenothiazine, perylene, p-phen-

y]enediamine,34 and ferrocene form stable free radicals via electrochemical

I oxidation in solution, as do TTt and TCNQ.
I Electrochemical stability of an oxidized species can be measured
as reversibility by cyclic voltammetry. The criteria are twofold: ftirst,

the potential difference AE_ between the forward (anodic) and reverse

P
(cathodic) current waves at their maxima must be approximately 60 miili-

volts. This is derived from the relation

: 2 “ _ 59.5 millivolts o35
AEp = Ep 5 Ep,c - at 25°C

where n is  the number of electrons involved in the oxidation. The

second criterion is that the ratio of forward to reverse current, i(cathodic)/

i(anodic), must be unity for a reversible process, indicating that the

ko

electrochemical intermediate is chemically stable and not subject to decomn-

position or reaction with another species.

Table 5 shows that only 1,4-DAAQ met the AEp requirement. 1,5-DAAQ

showed a reverse wave corresponding to the reduction of a decomposition

P

product while 1,2-DAAQ did not show a reverse wave. The data did not

show 1,4-DAAQ to be strictly reversible, however, with iP,C/ip,a

687 at 200 millivolts per second. Nonetheless, it did indicate that the
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1,4-DAAQ radical cation had a measureable half-life, and does not rule
out the possibility that it might be more stable in another solvent or
in the solid state. While this evidence is not conclusive, it suggests
a correlation between conductivity and electrochemical reversibility.
It is felt that a more detailed cyclic voltammetric measurement could

establish this point more firmly.

Electron Paramagnetic Resonance

36

Recent evidence has become available”" which sheds light on the elec-

tronic structure of PH'I, (2:3), 1,4-DAAQ-Ip (2:3), 1,4-DAAQ-CuCl, (1:1),
and ],4-DAAQ-CuBr2 (3:2) in the solid state. Electron paramagnetic
spectra were taken of these complexes at 298°K and 77°K on a Varian E-3
X-band Spectrometer, using quartz sample tubes and DPPH calibration. On
the basis of observed g-factors, the absorptions shown in Figures 20
through 23 are consistent with the assignments given in Table 6. The free

electron g-factor is 2.0023, and copper(1I) of values typically lie between

37 38

2.1 and 2.4. Halogen radicals in the solid state have not been observed.
The data indicate that free-radical species are present in each com-
plex along with copper(II1) compliexes where copper halides were involved.
The free radical absorptions are assigned to the phenothiazinium radical
cation in the PH-12 spectrum, and the radical cation of 1,4-DAAQ in 1,4~
DAAO-containing spectra. Their observation directly implies that partially
complete charge transfer has occurred in each complex. These assign-

39

ments are consistent with electrochemical studies in the literature™” and
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TABLE 6

Electron Spin Resonance Band Assignments

Complex g-factor Assignment and Comment

phenothiazine-I, (2:3) 2.003 free radical, strong

1,4-DAA0 I, (2:3) 2.003(77°K,298°K) free radical, strong
2.509(77°K) unknown species

2.571 (298°K) unknown species

1,4—DAA0'CUC12(1;]) 2.003 (77°K,2938°K)free radical, weak
2.122 [77°K) copper(Il), dipolar-broadenec
2.118 (298°K) copper(I1), dipolar-broadened

1,4-DAA0"CuBr,(3:2) 2.003(77°K,298°K) free radical, strong
2.090 (77°K) copper(I1), dipolar-broadened
2.085 (298°K) copper(I1), dipolar-broadened
2.996 (77°K) unknown species
2.689 (298°K) unknown species

¢
5
i
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the present work (see above) which suggest the existence of stable radi-
cal cations of phenothiazine and 1,4-DAAQ in acetonitrile. Abnormally
high g-factors were also observed in two complexes, but the species giving
rise to these absorptions are difficult to identify.

No hyperfine structure or zero-field splitting were observed for any
complex, but the 1,4-DAAQ I, spectrum showed a faint structure at approx-

imately half the resonance field strength which may be & triplet state

i 41 Inter-

AMs = + 2 transition. This is evidence of spin-spin coupling.
esting conclusions pertaining to the mechanism of conductivity in charge-

transfer complexes have been drawn in the literature on the basis of spin-

. - 42
coupling evidence.

Concluding Remarks

The results obtained here are consistent with the generali-
zations concerning the properties of donors essential for the formation
of charge-transfer complexes: 1low oxidation potential, formation of
stable radical cations, and planar structure. However, it would be
simplistic to state that lowering the oxidation potential of the donor
always causes a corresponding decrease in the resistivity of the charge-
transfer salt, for this is not always observed in the Titerature. It may
be concluded, therefore, that while the oxidation potential must be
low for successful donors, it is not the sole factor contributing to the
resistivity of the charge-transfer salt.

furthermore, while the cyclic voltammetry evidence does not confirm
that radical cations of 1,4-DAA0 are stable in acetonitrile for more than

a short period of time, the electron spin resonance data almost surely

T o L e P T
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points to the existence of radical cations in the solid state. Cyclic
voltammetry is regarded as a useful technique for thz dztermination of
radical stability, for it did definitely show that the radical cations

of 1,2-DAAD and 1,5-DAA0 are not stable and this observation conforms with
the trend in resistivity given in Table 3. It is suggested that cyclic
voltammetry be utilized more frequently in the study of the electronic
properties of potential donors and acceptors.

The spring-loaded two-probe conductivity cell was shown to be effi-
cient in screening the electrical properties of a large number of naw
compounds in compacted form. The use of three cells and a calibrated
diode in the cryogenic apparatus was shown to be highly efficient in time
expended and nitrogen coolant consumed.

It was noticed that contact resistance could be a problem and it is
realized that this problem can be eliminated by using a four-probe 2lec-
trode arranjzment. trequency-dependent measurements were found to De
difficult due to the frequency restrictions inherent irn the available elec-
tronic equipment and the conductivity cell. However, instrumentc that
are loss-free over a wide range of frequency are availadle and the fre-
quency response of the conductivity cell can be increased by reducing
the amount of metal used in construction. Alternating-current bridge
measurements or impedance measurements are considered to be feasible.

The charge-transfer salts formed by reaction of 1,4-DAR0 with mole-
cular iodine and copper(II) halides were found to be semiconductors over
the temperature range 77°K to room temperature. This room temperature

resistivitives are on the order of 1 x 103 ohm-cm and their activation

r
|
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energies were reported. The expotential activation law from band tneory
was not adrered to rigorously.

Likely structures for each of the 1,4-DAAD adducts were suggested.
The 1,4-DAAQ-Ip salt is most likely to show a solid-state structure
similar to that found in orthorhombic TTF-12,43 namely, columns of TTr
molecules stacked face-to-face contained in a matrix of polyiodide chains.
It is also predicted that the 1,4-DAAQ-CuXp (X = C1, Br) systems are coor-
dination complexes, perhaps with stacked DAAQ molecules.

The PH-1, (2:3) charge-transfer salt has been reinvestigated with the
following results: The room temperature resistivity determined in this
work is higher than that reported in the literature, but the activation
energy was found to be lower than that given in the literature by almost
50% (0.16 eV versus 0.088 eV). The electron spin resonance spectrum of
this complex was consistent with the existence of phenothiazine radical
cations in the solid state. Phenothiazine shows a stable radical cation
in solution!2

To continue this study of 1,4-DAAQ charge-transfer salts it is impor-
tant that single crystals be grown and the crystal structures be deter-
mined. To characterize the magnetic properties, magnetic susceptibility
should be measured in the range 100° to 300°K. The susceptibility results
should then be compared with the temperature-dependent conductivity.

To improve the technique of resistivity measurement, it is suggested
that a new linear four-probe electrode system offered by Electro Scientific
Industries, Inc.44 be acquired. This system is small enough for single
crystal work and utilizes spring-loaded electrodes for making electrical
contact to uneven surfaces. The four-probe circuitry would provide con-

tact-resistance -free measurement capability.

-
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