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though hutadi&e posse& a certain de- 
sea of inetability, the goal of this in- 
wafigation wlyl to obtain more detailed 
h@t into the chemical reactiom oe- 
eurring during s t o w  and handling. 
Thin intormation will  permit a mom 
inteui&6nt aahotion of the conditions 
undvwhichthe diolefin all be hdled  
or stored d e l y  and with a minimum laas 

From a broad point of view, butadiene 
can be considered unstable fmm two 
qwcts: (0) With respect toitaekments; 
tkat ia, butadiene reve?ta to ita elements, 
arbrm and hydrogen, under m effective 
impulse and appropriate conditions, and 
d t s  in the evolution of d d e r a b l e  
beat: 

Of V d M b b  m a ,  

At least one report (4) states that this 
revemion apparnntly took plaoe under 
high hydmstatia prsssure. 

(€4 Polymem are slso formed with the 
evolution of heat: 

ncI& + (ca)" + 
appmx' lQ1m Eel. 

Tbus the lower conjugated dienea, in 
wmd, can be connidered 88 compounb 
edstjngatahipplevelofchemicalenergq d o n .  The 
with a trmdency to drop to lower levels, 
on the o m  hand, hy deoompoaition to 
ehnents and, OD the other, hy polymeri- 
sation under condition8 sflordiag poor 
disaipsbmp-d haat, tbrae reactions can 
p m d w  W loaalised temperahma and thua spou~eoudy pro- 
oaed with extreme rapidity, since they have pasitive temperature 
dc i en ta .  

Another type of instability results when the diolefin reacts 
with other available suhstanoae, such 88 oxygen of the air, to 
fmm pemrides which are per ea unstable. However, polymen- 
sation ia the most important degradation reaction likely to be 

Ructiona which butadiene undeylwr during atorage and plant pmc.ring have brm 
atudled. The two mdona ol m o d  i n k m t  ue aa follom: (1) dlmui~tion b y  a 
DIekAldm lrpe sondenmtion, and (2) polymaiution tu p*wc mrtnlah of Mgh mol%- 
ulu n.l& The Rnt nretion h Mmolesular and h o w l  In th. lwd pl.H 
undes a vuiety d mditioni. Bimoluuhr reaction r a k  conatenb hm b n n  W- 
mlned lor range of temp.r.tunr end c 0 m p . d  with the eomt~t8 h the wa p h m  

d thm COR&& an qulk c h .  . *e fommiion d Meha- 
mdeeulr-weight polymar ia pcmxide-uhlyd. For e numbu d proxk l .  &lpb 
the g a t e  d polymaiuiion to p*ruc ubdanm la poportiaul to dm quem mot d the 
pcmxide eoncenc.Hon. W on the rate d pwxid.tion d Wia u e  a b  g h m .  

* 

- quantities of the polymer. OoDaeionally the formstion of p W a  
rubbery polymers has been notad. In the latter c a m  Bame sub 
stance8 known to sot as polymerisatiou catalyst--e.g., peroxid= 
or aetive metd-re h w n  to he preaent. It has 
thus become clear in recant timas that butadiene ia capable of at 
lwt two tJpee of polymerhtion which m y  oom saparatdy or 
concurrently de-diug on conditionn: 

encountered in atorage and handling, and hence considerable em- 
phssisia placed on it in this dimmion. 

For yearn it has been known that butadiene and homologous 
conjustad diole6.w un&argo spontmeoua polperiaation to 
Liquid polpplera eves~ at ordinary temperatures. Higher tem- 
peratwen are known to result in the formation of relatively larger ... 

1. Cyclic polyme&tlon or thermal dimerization multa 
when two molecules of butadiene unite to form a ring type c o d  
pound by Di&AIder coudensation: 

CHI CHI 
H D  CH-CH-CH. 4 a d  h - C H 4 H s  ' 
H h  -k d& H d  dHt 

'OH, \e' 
butdim 4 Q t b a ~ l O Y . Y l O h ~ e  
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TABLE I. THERMAL POLYMERIZATION OF BUTADIENE 
% Polymerized 

per Hr. 
% Hydro- W t .  % 

Expt. Temperature Compn. quinone Time, Pob'merlZed 
No. O C. O F. of Sample Added Hr. Solid Liquid Found Calod. 

Mild Steel Reaction Tubes 
82 
82 
60 
60 
121 

121 
121 

180 
180 
140 
140 
250 

250 
250 

Pure C4Hs 
Same 
Same 

Same 
Same 

None 
0.05 
None 
0.05 
None 

None 
None 

93 3.8 0 . 7  0.112 
93 0.2 6.8 0.075 
108 0.5 2.0 0.015 
108 0.2 1.9 0.013 
0.5 0.66 1.82 

1 .o 0.71 0.71 
1.5 1.01 0.67 

0.15 
0.15 
0.014 
0,014 
0.85 

0.85 
0.86 

Glass Reaction Tubes 
8 60 140 Pure CiHs None 162.6 2.43 0.010 0.014 
9 45 113 Same None 790 1.72 0.0022 0.0025 
10 80 86 Same None 41.5 0.03 0.0007 0.0004 

The resulting dimer of butadiene is a stable liquid boiling a t  127" 
C. and possessing a characteristic odor. It is miscible with buta- 
diene in all proportions at  ordinary temperatures and does not 
tend to undergo further polymerization to any major extent, al- 
though a slow trimerization reaction (combination of one mole- 
cule of dimer and one of monomer) has been noted (1). 

Chain polymerization results in the formation of high- 
molecular-weight hydrocarbon material varying in consistency 
from a tacky fluid to a rubbery mass, and in certain instances to a 
resinous solid, depending on conditions. It is generally believed 
that this type of polymer results from the union of butadiene mol- 
ecules in long chains, such as: 

2. 

nCH2=---CH-CHdH2 + . . .- CHr-CH4H-CH2-CH-CH4H-CHr * * * 

There is evidence that some butadiene molecules are included in 
the chain by 1.2 addition whereby unsaturated branches are pro- 
duced. 

The higher-molecular-weight polymers of this type are sometimes 
insoluble and tend to separate from the liquid monomer. It is 
believed that resinous properties and insolubility result from 
cross linking between polymer chains. 

In  the present investigation an endeavor was made to study 
these two types of polymerization independently and t o  deter- 
mine the effects of variables, such as temperature, catalysts, ex- 
tent of surface, and type of surface. 

THERMAL POLYMERIZATION 

The rate of conversion of butadiene and other conjugated 
dienes to their respective dimers was studied in the gas phase by 
Kistiakowsky and co-workers (1). A brief study of the rate in 
the liquid phase was made by Lebedev et al. (g), but only at 
somewhat elevated temperatures. No systematic investigation 
under commercial storage, handling, and distillation conditions 
has been made to the authors' knowledge. 

Several experiments were carried out in which liquid butadiene 
was sealed in tubes of steel or glass and maintained a t  a given 
temperature for a known length of time. Ultimately the tubes 
were o ened and analyzed for the presence of olymer. The re- 
sults orsome of these experiments are presenteiin Table I. 

The tests in steel bombs were made on freshly distilled (in a 
fifty-plate Stedman column), 97-99 per cent pure diolefin derived 
from the cracking of petroleum. The main impurity was 1- 
butene. The a-acetylene content was not more than 0.05-0.1 
per cent. Although care was taken to exclude air while filling 
the steel bombs, some contact occurred during the distillation. 
Extreme precautions to eliminate oxygen were taken with the 
samples sealed in glass. Materials were handled under vacuum 
or in a sealed glass system filled with deoxygenated nitrogen. 
The technique was similar to that of Medvedev et al. (3) in their 
recent study of the polymerization of chloroprene. The a paratus 
used for filling the glass ampoules consisted of a smalfcolumn 

from which a sample in contact with 
pyrogallol was distilled into a flask 
connected to a reflux condenser. Here 
the sample was allowed Co reflux for 
about 30 minutes before it was drawn 
into. the evacuated ampoule. The sam- 
ple Was then frozen with liquid nitrogen 
and the ampoule sealed with a torch. 
The sealed ampoule was placed in a con- 
gtant-temperature bath for a definite 
time. 

Polymer was determined in the sample, 
after removal from the bath, by opening 
the ampoule, allowing the unreaqted 
butadiene to boil off under room condi- 
tions, and weighing the polymer left be- 
hind. In some cases precipitated solid 
polymer was separated first. To make 
certain that no dimer was carried over 
with the vapors, the butadiene was re- 
condensed and distilled in a small frac- 
tionating column in the presence of a small 

amount of added isooctane to act as carrier. The amount of dimer 
could then be determined by the refractive index of the isooctane- 
dimer mixture left as the residue in the fractionating column. No 
a preciable amount of dimer was found in this portion. In most 
ofthe experiments dimer was produced in too small a quantity to  
allow satisfactory characterization. However, in experiments 
where conversion was permitted to proceed to considerable ger- 
oentages, a product was formed at least 95 per cent of w ich 
distilled at 127" C. 

A number of important conclusions can be drawn from Table 
I. For example, the temperature coefficient of the polymeriza- 
tion reaction is quite high (Figure 1). The plotted points fall 
nearly on a straight line, and the lower portion of this line is prac- 
tically identical with a calculated curve. This curve was ob- 

TEMPERATURE, DEGREES CENTIGRADE 

I S 0  200 
0.001 I I 0.1 

3.2 3.0 2.8 2.6 2.4 2.2 2.0 
l O O O / T  

Figure 1. Rate of Dimerization of Pure Butadiene in Liquid 
Phase as a Function of Temperature 

0 = this investisation) A Lebedev et a/. (2)  



January, 1944 I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y  5 

mitted to proceed in Lebedev's work. Adherence to a linear plot 
of log rate against 1/T  in Figure 1 would be expected only when 
the concentration of monomer remains virtually constant. De- 
viation is therefore observed as appreciable amounts of polymer 
product dilute the monomer. 

A further point of interest is that the data for runs in various 
types of vessels fall on the same curve, indicating that the types 
of surface studied have no pronounced catalytic influence on the 
dimerization reaction. 

-__ 0. I 

8 
I 

Figure 2. Rata of Formation of High-Molecular-Weight Polymer 
in Pure Butadiene as a Function of Active Oxygen Concentration 

at 45"  c. / / O  - 

// / 
E 

0 

tained by substituting liquid-phase concentration in the equation 
of Kistialrowsky et al. (1 )  for the vapor-phase dimerization re- 
action. The dimerization of butadiene in the vapor phase is a 
rather clean-cut bimolecular reaction, the rate of which can be 
expressed by the equation: 
rate (moles cc.-1 sec.-l) = 

9.20 X log exp. (-23,69O/RT) [C,He]2 

Barring the first run in Table I, the amount of solid polymer pro- 
duced was insignificant, and the remarkable agreement between 
the observed rates of dimerization (liquid polymer formation) and 
those calculated by substitution of liquid-phase concentrations 
in the equation can be seen in the last two columns. The oalcu- 
lated rates of dimerization in the vapor phase under these condi- 
tions are negligible. 

Deviation of the experimental data from the calculated curve 
in Figure 1 is greater a t  higher temperatures. This is probably 
due to the greater conversions to which the reactions were per- 

TABLE 11. POLYXERIZATION OF BUTADIENE IN PRESENCE 
OF PEROXIDESa 

Wt.  % % Poly- 
Expt. Peroxide ActiveO, Time, Poly- meriaed 

No. ' C .  F. Added P.P.M. Hrs. merized per Hr. 
10 30 86 None 0 41.5 0.03 0.0007 
11 Benzoyl 13 19.5 0.015 0,0008 
12 Benzoyl 330 19.5 0.11 0.0066 
13 Benzoyl 1275 20.5 0.10 0.0049 

1.72 0.0022 
14 Benzoyl 13 24 0.118 0.0049 
15 Ben z o y 1 13 788 4.38 0.0055 
16 Tetralin 20 788 5.29 0.0067 
17 Benzoyl 500 24 0.432 0.0180 
18 Benzoyl 1275 24 0.81 0.034 
19 Benzoyl 1290 783 26.98 0.0342 
20 Tetralin 2000 788 30.0 0.0381 

9 45 113 None 0 790 

8 
21 
22 
23 
24 
25 
26 
27 
28 
29 

60 

45 

140 

113 

None 0 
Benzoyl 13 
Tetralin 20 
Benzoyl 1155 
Tetralin 2000 
Benzoyla 1290 
Tetralinb 2000 
Benzoylc 1290 
Tetralinc 2000 
Peroxidation 49 d 

162.5 2 .43  
162.5 4.89 
162.5 4.21 
162.5 34.49 
162.5 25.52 
162.5 8.32 
162.5 26.83 
162.5 10.68 
162.5 27.91 
720 2 .70  

by air 
30 Same 193d 720 5 .75  0.0079 
31 60 140 Same 6Od 264 6 . 4  0,024 
32 Same 171d 264 8 . 1  0.031 
@ 98-99Yo butadiene in sealed glass tubes. 
b I n  presence of steel strips. 
0 In  presence of glass beads. 
d Determined by the ferrous thiocyanate colorimetric method ( 5 ) .  

Figure 3. Rates of Conversion of Pure Butadiene to Dimer and to 
Chain Polymer as a Function of Temperature 

(1200 p.p.m. active oween present) 

Actually, the dimerization reaction was not the only type of 
polymerization in some of the runs. In experiments 1 to 4 
(Table I) various amounts of a solid (rubbery) polymer were also 
obtained. Hon-ever, the separation between the solid and liquid 
could not be made strictly quantitative because of the gel-like 
form of the solid; consequently the apparent proportion of solid 
polymer is probably somewhat high. In  experiments 1 and 3, 
and 2 and 4, tests were made both in the absence and in the pres- 
ence of the antioxidant, hydroquinone, at two different tempera- 
tures. Butadiene from the same distillation was used in these 
comparisons. Even casual inspection of the resulting data re- 
veals that the presence of the antioxidant inhibits the formation 
of plastic polymer but has no appreciable effect on the rate of 
formation of dimer. In  fact, so far as the authors know, no way 
has as yet been found for minimizing the dimerization reaction in 
concentrated butadiene other than the use of the lowest practical 
storage and handling temperatures 

It is not possible to state definitely a t  this time that the truly 
thermal reaction does not give rise to some plastic polymer, al- 
though it is certain that such material is produced only in very 
small amounts. This uncertainty is due to the difficulty in ex- 
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perimentally removing the last traces of 
peroxides from a test sample and hence 
in completely eliminating the second type 
of reaction discussed below. 

P O L Y M E R I Z A T I O N  IN PRESENCE OF PEROXIDES 

The second type of polymerization 
reaction occurring in butadiene is purely 
peroxide-catalyzed and is superimposed 
additively on the thermal reaction. The 
pe r  oxi de-c a t a1 yz e d reaction produces 
largely the high-molecular-weight plastic 
type of polymer. Results so far avail- 
able do not exclude the possibility of 
some dimer-like polymers also being 
formed in the peroxide-catalyzed reac- 
tion. Peroxide catalysts of different types 
were studied-benzoyl peroxide, Tetralin 
peroxide, and peroxidized butadiene. 

The results of these experiments are 
summarized in Table 11. It is apparent 
that the presence of peroxide does increase 
the rate of polymerization of butadiene 
at each of the temperature levels studied. 
Also, with the exception of experiments 
25 to 28 which will be discussed later, 
there is no notable difference in the effects 

Figure 4. Rate of Pol merization of Pure Butadiene as a Function of Active Oxygen 
(!oncentration at Various Temperatures 

0, A, 0 = benzoyl peroxide) A = Tetralin peroxide, El, A = butadiene peroxide. 
Starred polntr at extreme (eft are calculated from dimerization rate equation. 

of benzoyl peroxide and Tetralin peroxide 
at 45" C. although a slight difference 
may exist a t  60" C. Experiments 29 t o  32, inclusive, made 
with the peroxide formed in butadiene on contact with air, 
showed considerably less activity. 

The data in Table I1 indicate that the rate of formation of plas- 
tic polymer is very sensitive to small amounts of active oxygen 
(one active oxygen atom per molecule of peroxide), but the effect 
becomes less pronounced as the concentration is increased. More 
particularly it appears that the rate of formation of high-molecu- 
lar-weight polymers varies directly as the square root of the con- 
centration of active oxygen. This is shown by a plot of the 
data a t  45" C. in Figure 2. The square root relation has been 
noted in many other polymerization reactions catalyzed by per- 
oxides. This effect is in accord with the free radical concept of 
polymerization catalysis. 

The polymer (including dimer) in all experiments was soluble 
in the monomer, with the possible exception of the runs in which 
no peroxide was added; in these some precipitation was observed. 

Runs 25-28 (Table 11) were made in the presence of peroxides 
and increased surface; in runs 25 and 26 several pieces of mild 
steel were present, and in runs 27 and 28 glass beads were added. 
This increase of surface had no effect on the rate of polymerization 
in the presence of Tetralin peroxide, but the rate in the presence 
of benzoyl peroxide was decreased about 80 per cent. This may 
be due to deactivation or recombination of free radicals on the 
surface. 

The effect of temperature on the rate of polymerization of bu- 
tadiene in the presence of peroxides is shown by the conventional 
plot in Figure 3. The curve for the rate of dimerization in Fig- 
ure 1 is shown along with the curves for the rate of polymeriza- 
tion to high-molecular-weight polymer in the presence of 1200 
p.p.m. of active oxygen and also total polymerization (dimer 
plus high-molecular-weight polymer). It can be seen that in the 
presence of this concentration of active oxygen the dimerization 
reaction furnishes only about 10 per cent of the total polymer. 
The fact that all the curves have nearly the same slope indicates 
that the energies of activation of chain and cyclic polymerization 
of butadiene are practically identical. 

A complete summary of the data obtained is presented in con- 
veniently usable form in Figure 4. The data obtained in the 
absence of any significant amount of peroxides are plotted along 
the ordinate a t  1 p.p.m. active oxygen, and they appear to fall 
quite well on the extrapolated curves for each temperature. Plot- 
ting these data a t  1 p.p.m. may be justified on the grounds that 
this is about the minimum concentration which can be main- 
tained with certainty in butadiene, even with the most careful 
technique. 

The data of runs 2 and 4 (Table I) demonstrate that the perox- 
ide-catalyzed reaction can be effectively subdued by the proper 
use of polymerization inhibitors. It should be emphasized, how- 
ever, that no inhibitor can be expected to last indefinitely. For 
this reason, the periodic checking of the inhibitor content of 
stored butadiene appears desirable, especially under conditions 
affording exposure to air. 

PEROXIDATION OF BUTADIENE 

Since it has been shown that the presence of peroxides has con- 
siderable influence on the rate of polymerization, it is important 
to know whether butadiene will peroxidize in contact with oxygen, 
air, or other oxidizing substances. This has been answered in 
the affirmative. 

Experiments were made in which freshly distilled butadiene 
was kept saturated with air a t  room temperature and a t  50" C. 
under pressure. These showed active oxygen concentrations of 
120 and 460 p.p.m. after 48 and 24 hours, respectively. When 
25 ml. of the peroxidized butadiene obtained a t  the end of the 
room temperature run were permitted to evaporate to dryness 
under room conditions, 0.1 1 gram of an oily substance, having a 
sharp aldehydic odor and an active oxygen content of 18,000 
p.p.m., remained as residue. 

Compounds, such as hydroquinone, pyrogallol, catechol, etc., 
are quite effective as inhibitors of the peroxidation of the diene. 
For example, 300 cc. of butadiene containing 0.1 weight per cent 
of hydroquinone completely resists the peroxidizing action of a 
stream of air, a t  room temperature and 50 pounds per square inch 
pressure, for more than 120 hours. 

4 
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INSTAWUTY IN D611LLAllON 

From the foregoing the extent of polymerbation a t  the el- 
vated tempemturea of dietillation can be predicted with consider- 
able certainty. However, a more hassrdous form of instability 
may be enwunted.  An pointed out above, them is a tendency 
for peroxidea to accumulate 88 “bottoms”. Distillation in batch 
to low bottoms, for example, may mult in active oxygen wncen- 
tnrtions in the reaidue 80 high that further heating produces an 
explosive aukmidation. Tbe danger involved in distilling peroxi- 
d i d  butadiene to very low bottoms is emphasized by the follow- 
iog experiment: The pemxidized butadine pmdneed in the 50’ C. 
test was permitted to evaporate under rmm conditions. After 
sll of the liquid hydmcarbon had disappeared from the flask and 
only a residue remained, the vessel wea wvered lightly and heated 
on a eand bath 80 tbat the temperature rose a t  the rate of 10’ 
to 12’ C. per minute. when 125’ C. was reached, violent d e  
wmposition took plsoe within the flask, the wver of the flask was 
displsoed, and lsge volumes of white fumes were evolved. 
Further heating to 250’ C. d t e d  only in the charring of the 
trace of reaidual material. Experience indicates that the ex- 
plosion h a r d  may be eliminsted by distilling in the presence of 
an adequate amount of pemxide-de8tmying substance and p r e  
venting air from returning to the distillation vessel after the heat 
is removed. In the ca8e of batch distillation of butadiene-wn- 
taining materhh of high pemxide content, it is desirable that$he 
pemxides be dentruyed by the antioxidant before distillation is 
sterted. Since most peroxides quire  appreoiable time for de 
composition by antioxidants, the elimination can be c o n d e n t l y  
efiected by baating under pressure until the abeence of pmmidea 
is indicated by chemical tent. In distillation the addition of a 
bydmwtan b o i i  higher than butadiene is an added factor ot. 
aafety since auch a p d u r e  limits the degree to which the wrox- 
idea can be concentrated during a aingle distillation. 

1 

SUMMARY 

I. The most pmr?ine?t IFexiaation of pure butadiene in 
the absence of pemadee M %enration. Thia reaction IS the> 

activated and does not appear to be catalyzed by per- 
ondes or by steel &ace. 

2. Butadiene is also ca &le ul independent polymerization 
to bigh-rnolee$ar-weigbt po$mer, but in the absen? of peroxided 
this reachon is insimfioant wm~ared ta dimeriaation. Tbe ef- 

t i o e  
4. The addition of suibble antioxidant inhibits the lormation 

of high-moleoular-weight polymer but hss no appreoiable effect 
on the rate of dimer formation. 

5. The rata of high-moleoular-we’ t polymerization is di- 
oxides (active oxygen). 
6. Butadiene is readily peroxidized by air, but this peroxida- 

tion may be inhibited for a time by the preaance of anhoxidanta. 
7. The peroxides are not readily volatile and tend to accnmu- 

late in the residne if the diene is evaporated or distilled away. 
Concentration beyond a certain point yields an unstable reaidue 
which may decarnpose with violeuce whan heated. Recautiona 
for distillation of such peroxidid material are given. 

rectly proporhonal to the square root o ‘8” the concentrshon of pm- 
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NATURAL AND SYNTHETIC RUB6 * 
..,LEONARD H. COHAN AND MARTIN STEINS@ * 

bntln.n(.l Grbon Company, Chlugo, 111. 
1 .  . ’ ,  

N THE last few years many applicstions have been found for 
Semiwnductiw r u b .  In automobile and trolley bus tires, I a i r p l u n e ~ ~ t i m ,  ahoesolesformunitionworkers,etr., 

where it is desirable to dlaeipate annoying and hasardous accu- 
mulations of Static eleCtrieity, emiwndncting rubber bas beeh 
found useful. Fhtmcally conducting rubber stocks can be pre- 
pared by inoorpomting powdered graphite or other carbon pig- 
ments in the rubber formula To obtain conductivity without 
saori6cing other desirable physical properties,. black piwnenta 
prepared from e i h  mtylene or natural gaa have generally been 
d. 

Recent investigations (4) in this labomtory have been directed 
toward diawverk what fundamental propertiee of carbon blacks 
determine the electrical conductivity of rubber stocks. The ra- 
d t a  ahow that in a typical tread stool, conductivity depends 
primarily on crystal structure, particle &e, and mufm structure 

1 

r 

of the carbon black. Crystal structur 
Y 

more importmt properti&; &soe structure is leas ~mportmt. 
since crystal structure is pin& 8imilar for ciwn&bon 

blacks (S,6), the principal factor in de- Orpdudvity in a 
series of channel blacks is prticle aim. Reanlta included here 
show that this is true for natural rubber, reclaim, Buns 8, 
Thiokol N, Neoprene GN, and Butyl (GRI). 

mMEMODs 
Reeietgnee measurements were made on cured Wile sheeta 

(approximahl 6 X 6 X 0.075 inch) laced between oircukr 
hms el& (4). An ~pparatua (3 using the vol+etex- 
ammeter method o meas- mistgncB wae employed (Fyue 
1). The u p g r  electrode, E, ls connected through m e t e r  A 
and battery to the lower electrode, C. Rubber test sheet T ia 
plaoed between the electrodes. To o b + p  contgct +kveen 
the electrodes and test sheet, cimlea ahgh y l q e r  m diameter 
than the upper electrode were painted on both sides of the .$at 


