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Summary 

Metal d~benzo(b,l)(1,4,8,11)tetraaza(14)annulene-lodme charge trans- 
fer complexes show high electrical conductlvlty even m the presence of a 
large excess of molecular lodme Investlgatlons of the behavlour of these 
materials as cathodes m hthmm-lodme batteries 1s reported The ease of pre- 
paration and handling as well as the discharge characterlstlcs make It a 
potential alternative to the PBVP poly(2-vmylpyndme)-lodme system. 

Introduction 

Since its introduction m the early seventies by Catalyst Research 
Corporation [ 11, the hthmm-iodine cell based on PBVP 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 solid electrolyte LLI has a unique combmatlon of lomc conduc- 
tivity, electronic resistance, thermodynamic stability, and the capability of 
being formed zn s&u by the direct combmatlon of the electrode materials, 
while also forming as the product of the discharge reaction In these cells 
PBVP plays a dual role It 1s an electronic donor system that forms 
conductmg complexes with iodine and thus ehmmates the need to add 
conducting fillers such as carbon black or metal powders when employed as 
cathode material PBVP also serves as a matrix to hold additional quantities 
of molecular lodme as a reservoir for the cell reaction. 

The system has been studied and improved by several orgamzatlons and 
has been the SubJect of many patent applications [3] Because only a few 
companies are m a strong patent position there has been world-wide research 
activity by other groups to fmd substitutes for the PBVP system and thereby 
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to enter the fast growing pacemaker market Although a great number of 
other polymeric and monomeric donor systems form charge transfer 
complexes which are, m prmclple, suitable for apphcatlon m hthlum-lodme 
cells, none 1s commercial. The reasons may be sought m the variety of condo- 
tlons which must be fulfilled by a cathode material, e g , chemical Inertness 
of the matrur towards Iodine (full reverslblhty of iodine “dopmg”), high 
electrical conductlvlty at both very high and very low lodme contents, ease 
of handling and preparation, low hygroscopy, etc From our work m the 
field of organic conductors we are aware that many of these boundary 
condltlons can be met by the highly conductmg charge transfer system 
dlbenzo(b,l)( 1,4,8,ll)tetraaza(l4)annulene-lodme [4,5] 

We report here on the results obtamed using hthmm-lodme cells 
mcorporatmg these charge transfer complexes as cathode materials. 

Experimental 

Preparation of annulenes 
Metal dlbenzo(b, I)( 1,4,8,ll)tetraaza( 14)annulenes (abbreviated 

M(dbtaa)) were prepared by published methods [6] from metal acetates, 1,2- 
phenylenedlammes, and 1,1,3,3-tetraalkoxypropanes or dlmethylammo- 
acrolems m high yields. The crude products were washed with warm water, 
ethanol, and ether, and vacuum dried at 100 “C 

Preparation of charge transfer (CT) complexes with todme 
M(dbtaa)‘s spontaneously form CT-complexes upon contact with 

lodme Practical samples can be prepared by one of several methods 
- stlrrmg powdered M(dbtaa) m a solution of lodme m an inert solvent, 
- exposmg M(dbtaa) to lodme vapour at reduced pressure (eg , 20 

mmHg), 
- mechanically murmg solid lodme and M(dbtaa) together m a ball ml11 

or lab mixer (preferably at reduced temperatures), 
- mlxmg solid M(dbtaa) mto molten lodme at 120 - 150 “C 

The last two methods are the most frequently used, especially for battery 
applications. 

Iodrne vapour pressure 
The lodme vapour pressures of Nl(dbtaa)-lodme CT-complexes were 

determmed as a function of lodme concentration by the flow method 
described by Mart1 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 mto 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 m n-hexane and quantitatively determmed photometrically at 522 
nm. 
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Conductwty measurements 
Electrical conductlvltles of CT-complexes were determined by the 2- 

probe technique usmg glass caplllarles of 1 and 2 mm 1 d with stainless steel 
stamps 

Cathode prepara bon 
Nl(dbtaa) was vacuum dried and mixed with lodme (Merck p a ) m molar 

ratios Nl(dbtaa) I, = 1 2 5 to 1 20 Some cathode mixtures were obtamed 
by blending powdered annulene mto molten iodine Cathode-shapes were 
made by pressing the mixture, under a pressure of 2600 kg cm-‘, between 
two polyethylene foils mto a pellet of 1.7 cm m diameter and approximately 
1 mm thickness All cathode preparations were carned out m an argon-filled 
drybox 

Cell preparatron 
The cell used m these studies was a crimp-sealed corn type (20 mm dla , 

2 mm high) as shown m Fig 1 The anode was made from Llthco high purity 
hthmm foil and was directly pressed into 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+athode 
135 mA h The electrode area was 2.26 cm* Sealmg was accomplished usmg 
a polypropylene Insulating rmg under dry argon 

Fig 1 Cross-sectlonal view of an experimental Ll/Iz cell 1, Anode can, 2, cathode can, 3, 
msulatmg ring, 4, llthlum anode, 5, cathode, 6, solid electrolyte LII, 7, current collector 

Battery performance 
Cells have been discharged under constant reslstlve load The a c 

impedance measurements were made usmg 200 mV r m s sme waves at a 
frequency of 1000 Hz 

Results and dlscusslon 

Table 1 shows typical conductlvltles of M(dbtaa)-lodme CT-complexes, 
prepared by mechanical mlxmg of the powdered compounds or by mlxmg 
powdered M(dbtaa) m molten iodine, measured at room temperature 
unmedlately after murmg Conductnntles of the order of lo-* - 10m3 S cm-’ 
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TABLE 1 

Pressed pellet conductwhes of M(dbtaa)/Iz mixtures at 25 “C 

M(dbtaa) 

M RI, Rz R3 R4 R5 R6 Mole ratio Pressed pellet 
M(dbtaa) 12 conductwlty 

(S cm-l) 

NI H H H H H 101 1 x 10-S 
Nl H H H H H 139 15 x 10-2 
Nl H H H H H 1 10 1 x 10-Z 

Nl H H H H H 1532 25x10-3 
Nl H H H H H 1 200 2 x 10-s 
Cu H H H H H 1 21 8 3 3 x 10-3 
Nl CH3 H H H H 1 10 1 x 10-3 
Nl CH3 H H H H 1 65 6 9 x 10-d 
Nl CH3 CH3 H CH3 H 1 75 5 9 6 x 1O-4 

Nl CH3 CH3 CH3 CH3 CH3 1 113 3 1 6 x 1O-3 
Nl p-Toluyl H H H H 1 88 3 7 x 10-4 
Nl H -CH=CH-CH=CH- -CH=CH-CH=CH- 1 44 8 4 x 10-d 
Fe CH3 H H H H 1204 4 5 x 10-Z 

are achieved for lodme contents rangmg from a few weight 7% to approxnnate- 
ly 98% The probable reason for this surpnsmg behavlour 1s that lodme 1s 
mcorporated mto the M(dbtaa) lattice between the M(dbtaa) stacks [4] thus 
leaving the conducting pathway along the partially oxldlzed extended 
M(dbtaa) stacks intact 

In mixtures with very high lodme contents we are dealing essentially 
with an lodme matrix contammg M(dbtaa) stacks as a filler showing very 
large geometrical anisotropy resultmg m a low percolation threshold. This is 
comparable with the filling of plastics with conductmg fibers or dendrite hke 
CT-complexes [ 81 Here, high conductlvltles were observed at filler levels of 
only around 1% This behavlour 1s almost ideal for L1I battery apphcatlons m 
that the resistance of the cathode materlal will stay practically constant 
durmg the hfe span of the battery and neghglble compared with the rens- 
tance of the L1I solid electrolyte 

The doping process for M(dbtaa)s with lodme 1s very fast High lodme 
contents and high conductlvltles are achieved m a few hours when M(dbtaa)s 
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4 X 10-l Pa at 60 mole% This 1s one hundred times lower than that of free 
Iodine but 1s still ngmflcant, suggesting easy avallablhty of lodme for the cell 
reaction In this semi-loganthmlc plot one can ldentlfy linear parts of the 
vapour pressure curve roughly comcldmg with molar ratios of 1 6, 1 5,l 4 
and 1 3 

The preparation of hthmm-lodme cells with these cathode materials 1s 
simple and straightforward (Fig 1) Pellets of cathode material and hthmm, 
each contamed m a stamless steel cup, are pressed together and crimp sealed 
usmg a polypropylene gasket. Surprlsmgly, these cells proved to be iodine 
tight for up to 2 years at room temperature Long term hermetic seahng, 
however, especially at higher operatmg temperatures, can only be achieved 
with welded cases and glass-metal contacts 

Although cells were prepared with various dbtaas, the unsubstltuted 
nickel complex, Nl(dbtaa), proved to be the most sultable, both commer- 
cially and with regard to performance Molar mlxmg ratios of Nl(dbtaa) with 
lodme 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 mlxmg and tablet pressmg of Nl(dbtaa) and lodme m molar ratios 
greater than approximately 1 15 (-92 wt % iodine) proved to be dlfflcult 
smce the solid state properties of the mixture are completely dominated by 
the ductile iodine matrur The ideal range glvmg high capacity and easy 
processablhty lies between 1 10 and 1 15. Most experiments were performed 
with batteries containing cathodes of Nl(dbtaa)* 10 I, (88 wt % Iz, 91 mol%) 
The open clrcult voltage of these cells at room temperature was 2 30 V 

The discharge behavlour for 2020 button cells under various condltlons 
is shown m Figs 3 and 4 At room temperature the cells perform best at 
discharge rates of a few E.~A to roughly 20 PA Higher discharge rates of 50 
/-LA or more are possible at elevated temperatures, while discharging at 0 “C! 
allows a dram of only up to 5 PA It IS a character&c of these systems that 
the internal resistance of the cells (LII sohd electrolyte) grows contmuously 
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Fig 3 Discharge curve and cell impedance of Ll/Nl(dbtaa) 10 12 at RT 243 k!i2 constant 
load 
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Fig 4 Discharge behavlour of the 2020 experimental cell using Nl(dbtaa) 10 12 cathode 

at 80 “C A, 47 kR, B, 22 kR, C, 390 kR at 0 “C 

during the discharge reactlon (Fig 3) and 1s a hmltmg factor for the da- 
charge rate Typical apphcatlons for these batteries are low dram devices 
such as memory back up and heart pacemarkers. 

Conclusion 

Although the Ll/Nl(dbtaa)-lodme system has not been fully developed, 
the present data make it a potential alternative to today’s Ll/PBVP-iodine 
cells. Further development IS, however, needed and questions such as the 
influence of particle size dlstnbutlon, water content, and low level impurities 
m Nl(dbtaa) on discharge and self-discharge will have to be answered Also, 
the reason for an unsatisfactory discharge behavlour under load in some cells 
(less capacity, faster voltage decline than average) has to be established 
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