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Summary

Metal dibenzo(b,1)(1,4,8,11)tetraaza(14)annulene—10dine charge trans-
fer complexes show high electrical conductivity even in the presence of a
large excess of molecular 10dine Investigations of the behaviour of these
matenals as cathodes in ithium—1odine batteries 1s reported The ease of pre-
paration and handling as well as the discharge characteristics make 1t a
potential alternative to the P2VP poly(2-vinylpyridine)—10dine system.

Introduction

Since 1ts 1ntroduction 1n the early seventies by Catalyst Research
Corporation [1], the hthium—1odine cell based on P2VP has become the
standard power source for the heart pacemaker industry [2] The
development of these cells as a pacemaker power supply has been successful
because the sold electrolyte Lil has a unique combination of 1onic conduc-
twvity, electronic resistance, thermodynamic stability, and the capability of
being formed in situ by the direct combination of the electrode materials,
while also forming as the product of the discharge reaction In these cells
P2VP plays a dual role It 1s an electronic donor system that forms
conducting complexes with iodine and thus eliminates the need to add
conducting fillers such as carbon black or metal powders when employed as
cathode material P2VP also serves as a matrix to hold additional quantities
of molecular 10dine as a reservoir for the cell reaction.

The system has been studied and improved by several organizations and
has been the subject of many patent applications [3] Because only a few
companies are 1n a strong patent position there has been world-wide research
activity by other groups to find substitutes for the P2VP system and thereby

* Author to whom correspondence should be addressed

0378-7753/88/%$3 50 © Elsevier Sequoia/Printed in The Netherlands



70

to enter the fast growing pacemaker market Although a great number of
other polymeric and monomeric donor systems form charge transfer
complexes which are, 1n principle, suitable for apphcation 1n ithium-1odine
cells, none 1s commercial. The reasons may be sought 1n the variety of condi-
tions which must be fulfilled by a cathode matenial, e g, chemical inertness
of the matrix towards iodine (full reversibility of 1odine ‘“doping’’), high
electrical conductivity at both very high and very low 10dmne contents, ease
of handhing and preparation, low hygroscopy, etc From our work in the
field of organic conductors we are aware that many of these boundary
conditions can be met by the highly conducting charge transfer system
dibenzo(b,1)(1,4,8,11)tetraaza(14)annulene—10dine [4, 5]

We report here on the results obtamned using hthium-iodine cells
incorporating these charge transfer complexes as cathode materials.

Experimental

Preparation of annulenes

Metal dibenzo(b,1)(1,4,8,11)tetraaza(14)annulenes (abbreviated
M(dbtaa)) were prepared by published methods [6] from metal acetates, 1,2-
phenylenediamines, and 1,1,3,3-tetraalkoxypropanes or dimethylamino-
acrolems 1 high yields. The crude products were washed with warm water,
ethanol, and ether, and vacuum dned at 100 °C

Preparation of charge transfer (CT) complexes with 10dine
M(dbtaa)’s spontaneously form CT-complexes upon contact with
10odine Practical samples can be prepared by one of several methods
— stirring powdered M(dbtaa) 1n a solution of 10dine 1n an 1nert solvent,
—exposing M(dbtaa) to 1odine vapour at reduced pressure (eg, 20
mmHg),
— mechanically mixing solid 10dmne and M(dbtaa) together 1n a ball mall
or lab mixer (preferably at reduced temperatures),
— mixing sold M(dbtaa) mto molten 10dme at 120 - 150 °C
The last two methods are the most frequently used, especially for battery
applications.

lodine vapour pressure

The 10dine vapour pressures of Ni(dbtaa)-iodine CT-complexes were
determmned as a function of 1odine concentration by the flow method
described by Marti et al [7]

In a typical measurement, between 250 and 600 mg of CT-complex
were mixed with 70 g of glass beads and placed into the sample compart-
ment of the apparatus. Purified nitrogen was used as carrier gas at a rate of
between 2 and 10 1 h™! at 25 °C. Iodme removed from the sample was
absorbed 1n n-hexane and quantitatively determmed photometrically at 522
nm.
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Conductwity measurements

Electrical conductiities of CT-complexes were determined by the 2-
probe technique using glass capillaries of 1 and 2 mm 1d with stainless steel
stamps

Cathode preparation

Ni(dbtaa) was vacuum dried and mixed with 1odine (Merck p a ) 1n molar
ratios Ni(dbtaa) I,=1 25 to 1 20 Some cathode mixtures were obtained
by blending powdered annulene into molten 10dine Cathode-shapes were
made by pressing the mixture, under a pressure of 2600 kg cm 2, between
two polyethylene foils into a pellet of 1.7 em 1n diameter and approximately
1 mm thickness All cathode preparations were carried out in an argon-filled
drybox

Cell preparation

The cell used 1n these studies was a crimp-sealed comn type (20 mm dia ,
2 mm high) as shown 1n Fig 1 The anode was made from Lithco high purity
lithium foil and was directly pressed mto a stainless steel can The pressed
cathode was supported by a non-stainless steel current collector The
theoretical capacity of the anode was 320 mA h and that of the I,-cathode
135 mA h The electrode area was 2.26 cm? Sealing was accomphshed using
a polypropylene insulating ring under dry argon
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Fig 1 Cross-sectional view of an experimental Li/I; cell 1, Anode can, 2, cathode can, 3,
msulating ring, 4, ithium anode, 5, cathode, 6, solid electrolyte Lil, 7, current collector

Battery performance

Cells have been discharged under constant resistive load The ac
impedance measurements were made using 200 mV rm s sine waves at a
frequency of 1000 Hz

Results and discussion

Table 1 shows typical conductivities of M(dbtaa)—10dine CT-complexes,
prepared by mechanical mixing of the powdered compounds or by mixing
powdered M(dbtaa) in molten 1odine, measured at room temperature
immediately after mixing Conductivities of the order of 107%2-1073S cm™!



M(dbtaa)
RZ
M R;,R, Rj Ry Rs R Mole ratio Pressed pellet
M(dbtaa) I, conductivity
(Sem™!)
Nt H H H H H 101 1%10°5
N» H H H H H 139 15x1072
N1 H H H H H 110 1x1072
Nt H H H H H 1532 25x1073
N1 H H H H H 1 200 2x10°5
Cu H H H H H 1218 33x1073
N1 CH,3 H H H H 110 1x1073
N1 CHj; H H H H 1656 9x1074
N1 CH; CH; H CH; H 1755 96x107%
N1 CHj; CH, CH; CH, CH; 11133 16x1073
N1 p-Toluyl H H H H 1883 7 %1074
N1 H —CH=CH—CH=CH— —CH=CH—CH=CH— 1 448 4x1074
Fe CHj H H H H 1204 45x%x1072

are achieved for 10dine contents ranging from a few weight % to approximate-
ly 98% The probable reason for this surprising behaviour 1s that 1odine 1s
incorporated into the M(dbtaa) lattice between the M(dbtaa) stacks [4] thus
leaving the conducting pathway along the partially oxidized extended
M(dbtaa) stacks intact

In mixtures with very high 1odine contents we are dealing essentially
with an iodme matrix containing M(dbtaa) stacks as a filler showing very
large geometrical anisotropy resulting in a low percolation threshold. Thais 1s
comparable with the filling of plastics with conducting fibers or dendrite like
CT-complexes [8] Here, high conductivities were observed at filler levels of
only around 1% This behaviour 1s almost 1deal for Lil battery apphcations in
that the resistance of the cathode material will stay practically constant
during the life span of the battery and neghgible compared with the resis-
tance of the Lil solhd electrolyte

The doping process for M(dbtaa)s with 10dine 1s very fast High 10dine
contents and high conductivities are achieved 1n a few hours when M(dbtaa)s
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are exposed to 10dine vapour Equally, dry mixing of M(dbtaa)s and 1odine
results almost 1nstantaneously in highly conductive compounds The
conductvity of such dry mixtures improves only shghtly over the next 3
days when the maximum 1s reached This means that cathode materials
prepared by dry mechanical mixing of M(dbtaa)s and 10dine can immediately
be used for the preparation of cells which can be fully used at once. In
comparison, dry mixtures of P2VP and 10dine take a longer time to develop
the maximum conductivity [9] and cells so prepared can only be discharged
at a reduced rate unless the batteries are annealed at elevated temperatures.
Equally, doping of nickelphthalocyanine with 10dine, a system also consid-
ered for Lil batteries [10], 1s a very slow process both in the vapour phase*
and 1n 1odine solution [10]

M(dbtaa)s are capable of binding large amounts of iodine in therr
crystal lattices They behave like 10dine sponges, absorbing many times thewr
own weight of 1odine One method of determining the maximum equilibrium
uptake makes use of partial vapour pressure measurements Figure 2 shows
the partial vapour pressure of Ni(dbtaa)-10dine complexes at 25 °C The
equilibrium 10dme content (where one measures the vapour pressure of the
free 10dine) at ambient pressure and 25 °C 1s around 86 to 88 mole% for
several samples corresponding to a molar ratio of Ni(dbtaa) I, of roughly
1 7 to 16 Below this threshold the vapour pressure decreases to a value of

p (Pa)

40 4 —_— e — . ___ vapour pressure
of free rodine
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I I I I I
1 ' } i -
90 85 80 75 mole % |,
Fig 2 lodine partial vapour pressure of Ni(dbtaa)-1, mixtures at 25 °C, semilogarithmic
plot, vapour pressure in pascals

*Iodine content of mickelphthalocyanine after 4 1/2 days in 10dine atmosphere at
20 mmHg, RT 6%, of Ni(dbtaa) under the same conditions 81%
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4 X 107! Pa at 60 mole% This 1s one hundred times lower than that of free
1odine but 1s still significant, suggesting easy availability of 10dine for the cell
reaction In this semi-logarithmic plot one can identify hnear parts of the
vapour pressure curve roughly coinciding with molar ratiosof 1 6,1 5,1 4
and 1 3

The preparation of lithium—1odine cells with these cathode materials 1s
simple and straightforward (Fig 1) Pellets of cathode material and lithium,
each contamned 1n a stainless steel cup, are pressed together and crimp sealed
using a polypropylene gasket. Surprisingly, these cells proved to be 10dine
tight for up to 2 years at room temperature Long term hermetic sealing,
however, especially at higher operating temperatures, can only be achieved
with welded cases and glass—metal contacts

Although cells were prepared with various dbtaas, the unsubstituted
nickel complex, Ni(dbtaa), proved to be the most suitable, both commer-
cially and with regard to performance Molar mixing ratios of Ni(dbtaa) with
10die were varied over the range 1 2 5 to 1 20 Ratios of 1-2 5 are too low
for practical purposes, giving unsatisfactory battery capacity. On the other
hand, dry mixing and tablet pressing of Ni(dbtaa) and 10dine 1n molar ratios
greater than approximately 1 15 (~92 wt % 10dine) proved to be difficult
since the solid state properties of the mixture are completely dominated by
the ductile 10dine matrix The 1deal range giving high capacity and easy
processability lies between 1 10 and 1 15. Most experiments were performed
with batteries containing cathodes of Ni(dbtaa)- 10 I, (88 wt % I,, 91 mol%)
The open circuit voltage of these cells at room temperature was 2 80 V

The discharge behaviour for 2020 button cells under various conditions
15 shown mn Figs 3 and 4 At room temperature the cells perform best at
discharge rates of a few uA to roughly 20 uA Higher discharge rates of 50
HA or more are possible at elevated temperatures, while discharging at 0 °C
allows a dran of only up to 5 pA It 1s a characteristic of these systems that
the internal resistance of the cells (L1l sohd electrolyte) grows continuously
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Fig 3 Discharge curve and cell impedance of Li/Ni(dbtaa) 10 I, at RT 243 k&2 constant
load
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Fig 4 Discharge behaviour of the 2020 experimental cell using Ni(dbtaa) 10 I, cathode
at 80°C A, 47k, B, 22k, C, 390k at 0°C

during the discharge reaction (Fig 3) and 1s a hmiting factor for the dis-
charge rate Typical apphcations for these batteries are low drain devices
such as memory back up and heart pacemarkers.

Conclusion

Although the Li/Ni(dbtaa)—10dine system has not been fully developed,
the present data make it a potential alternative to today’s Li/P2VP-10dine
cells. Further development 1s, however, needed and questions such as the
mfluence of particle size distribution, water content, and low level impurities
in Ni(dbtaa) on discharge and self-discharge will have to be answered Also,
the reason for an unsatisfactory discharge behaviour under load 1n some cells

(less capacity, faster voltage decline than average) has to be established
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