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INTRODUCTLION

Aim of Chapter -

Many chemical systems which are unreactive under ordinary conditions
undergo vigorous reaction in the presence of an electric discharge. Although
such reactions often yield thermodynamically stable products (e.g., ammonia
may be prepared from nitrogen and hydrogen), they are seldom of practical in-
terest since thermodynamically stable materialskcan generally be made by
other methods which are simpler and more economical. On the other hand; dis-
charge reactions having pfoducts which are thermodynamically unstable with
respect to the starting materials are usually of interest to synthetic
chemists. . Sometimes discharge syntheses of thermodynamically unstable com~
pounds compete favbrably with other synthetic techniques such as electrolysis.
For example, although ozone may be prepared by the electrolysis of agueous
sulfuric acid solutions, the electric discharge technique is the only commer-
cially feasible preparative method. However, sometimes a discharge synthesis
is often the only known method for preparing a compound. For example, al-
though dibbron dichlorid; may be prepared by the passage of boron trichloride
through a mercury discharge tube, no direct chemical method for the prepara-
tion has yet proved successful.

As one might expect, many fascinating compounds of unusual structure
have been isolated from reactions carried out in electric discharges. Thus,
although sueh syntheses often have low energy efficienecies, they are still of

interest to synthetic chemists who hope to discover new types of compounds.
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In this chapter, the main types of electric discharges are discussed
with particular emphasis on the experimental techniques involved in their
use in laboratory syntheses. A wide variety of synthetic examples has been

used to emphasize the versatility of the general method.

Types of Electric Discharge -

If the electric potential between two metallic electrodes in a gas is
gradually increased from Zéro, practically no current passes until a critical

voltage, the sparking potential, is reached. The sparking potential (VS) for

a particular gas is a fUnctionAonly of the product of the pressure and the
distance between éhe electrodes (pd). The form of the function for air is
shown in Figure 1, where VS is plotted vs. pd. If an impedance is in series
with the electrode circuit, the increase in current which occurs during the
initial sparking is accompanied by a deérease iﬁ the potential between the
electrodes. This decrease>in ﬁdtential with increasing current is repre-
sented by the extreme left side of the curve in Figure 2, where the discharge
tube voltage is plotted against the logarithm of the current. Most gaseous
discharge tubeé are operatéd ih the region AB of this curve (the glow dis-

charge region)., If the impedance of the circuit is lowered sufficiently,

the operating point of the discharge tube will move beyond point B into the

region where the voltage increases with increasing current. However, at

point C the temperature of the cathode'( or of both electrodes in the case
of a.c. operation) will have increased to the point where thermionic emission
of electrons is significant. Then a transition to the arc region (DE in

Figure 2) occurs. Arcs are characterized by low potential drops, high current
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Fig., 1. The Sparking Potential for Air vs. the Product of the Pressure
and the Distance between Electrodes. (From data given by Loeb:
(40) ).
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Fig. 2. The characteristic Voltage-Current Curve for a Discharge Tube.
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densities, inténseluminosities, and high temperatures (sometimes as high as
25,000°).

In some types of electrodeless discharge, the électrdns'and lons within
‘the discharge zone are subject to an externally applied electromagnetic field.
Then one épeaks‘nOt of a potential between electrodes, but rgther of an elec-
trie field strength. Since the latter quantity is difficult to mewsure, and
sinee current loses its simple significance in such a discharge; the above-
described criteria for glow and arc discharges are inapplicable. Under thesé
conditions, one usually makes a qualitativé'distinctionvbetween the two types
of discharge: an arc discharge is muéh hbttér'than a glow discharge. In
 this chapter we shall Be principally concerned with discharges operated in

the glow discharge region.
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GLOW DISCHARGES ._ .

"Electrode Discharges” - »

Apparatus; Circuit -stabilization. The classical glow discharge tube con- e

sists of a giass tube (perhaps 3 cm. diameter and 30 cm. long) at each end
of which is-qn electrode with an electrical lead sealed through the glass

- wall of the tube. If a cohstant;potential,of several kilo%olts is applied
across the electrodes while thé tube contains a gas at atmospheric pressure,
" no appreciable current will pass. However, if the tube is gradually evacua-
ted, pd will eventually reach a véiue.such that Vs equals the applied po-
tential, and a spark will pass between the electrodes. >If there is no im-
pedance in the circuit between the discharge tube and the source of ?otential,‘
the current will quickly grow either until some part of the circuit breaks
down (e.g., a fuse blows or the electrodes melt away), or until the current
is stabilized in the "abnormal glow" region of the characteristic curve

(Fig. 2), where the voltage increases with increasing current. It is almost
always the first of these alternatives that happens, since most aspparatus is
not designed for the iafge currents beyond point‘B in Figure 2.

However; consider the resistance-stabilized D.C., circuit pictured in
Figure 3. Here E = V + IR, where E is the overall potential supplied to the
circuit and R is the resistance of the variable resistor. It will be noted
that the current through the discharge tube may be regulated either by ad- .-
justing R, the variable resistance or by changing E, the overall potential.
A;though E must be at least as great as VS in order to start a discharge, E -

may be reduced to values considerably less fhan VS after the discharge has
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Fig. 3. A Resistance-stabilized D.C. Discharge Circuit.
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Fig. 4. A Typical A, C. Discharge Circuit."
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been establiéhed., The voltmeter pictured .in Figure 3 is preferably of the

movinglcoil_typé and graduated such that the highest voltage likely to be

- used is about 3/4 of full scale (generally about 2 or 3 kilovolts). (The

- range 0f a voltmeter may be readily extended by adding an appropriate re-

sistance in series with the meter.) The milliammeter should be of low re-

. sistance and capable of handling any anticipated current. (Most electrode
discharge tubes operate with currents’less than 500 milliamps.)' The cireuit
should be suitably fused for protection of the millimmméter and the discharge
tube.

Most glow discharge tubes are operated with alternating current supplied
by a high voltage transformer. A typical set-up is shown in Figure L, Here
the output voltage of the high voltage transformer is.controlled by means of
an autotransformer which permits adjustment of the voltage applied to the
primary winding. When the power for a discharge tube is'sqpplied by a trans-
former, it is usually unnecesgary to include a resistor in the circuit for
~current stabilization, since the leakage inductance and resistance of the
secondary coil of the transformer provide sufficiept impedance in the cir-
cuit to prevent the curﬁent from increasing without bound. A typical luminous
" tube transformer (110 V,.primary/éh,ooo v. secondary) has a secondary coil
impedance of 20,000 ohms.

‘ Thésvoltmeter across the discharge tube is preferably of the rectifier

' type (essentially a d.c. meter provided with a rectifier for converting the
- a.c. to d.c.) Such-.a meter, if it is to measure potentials above one kilo-

volt, must usually be in series with some known resistance. A series resis-

tance of 20 megohms is typical for a full scale reading of 20 kilovolts. 1In
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the absence of a voltmeter and milliammeter in the'secoﬁdary (high voltage) g }
circuit, one may use & voltmeter and ammeter in the primery coil circuit.

If the voltage ratio of the high voltage transformer is known; a measurement
of the voltage applied'by the autotransforﬁer Permits one to estimate the
voltage across the discharge tgbe. Similarly, by measurihg thevcurrent
through the primary winding, one can make a rough estimate of the current

Passing through the discharge tube.

Wood-Bonhoeffer tubes. Wendt and Landauer (78) found that an unusually re-
active form of hydrogen was formed by the passage of hydrogen at low pres-
Sures'through a discharge between metal electrodes separated by about 10 cm.
They were able to detect reduction of the following species by the activated
hydrogeﬁ: 'sulfur, nitrogen, arsenic, phosphorus and permanganate. They
ndticéd that this activity of the hydrogén was catalytically destroyed by

the action of various finely divided metals. Unfortunately, they incorrectly

explainedlthése phenOmena'in terms of triatomic hydrogen, H Wood (82) and

3
Bonhoeffer (5) studied the reaction of hydrogen in a similar discharge tube
and correctly explained their results in terms of atomic hydrogen, H. Be-
sides studying the reaetions 6f atomic hydrogen with various substances, the
latter investigators examined the spectrum of the glow discharge and were
able'to‘observe the Balmer series spectrum of atomic hydrogen.

The discharge tubes pictured in Figure 5, which are often called Wood-
Bonhoeffer tﬁbes; are characterized by discharge paths of one or two meters
.length, To operate a discharge tube of this type, a potential of 2 or 3 kv ="

is required at 60 cycles. For hydrogen at a pressure of 0.5 mm., the current
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is approximatel& 100 ma. The electrodes are usually cooled by fans, but it - }
is also possible to use water-cooling (77). | i
The atomic hjdrogen which forms in thé discharge reacts to form molecular
hydrogen much more slowly than would be expected from a consideration of bi-
molecular cbllisions. For example, under the conditioﬁs of most Wood-Bon-
hoeffer tubes, the half-life of the atomic hydrogen ié about 0.3 second.
This permits one to pump the atomic hydrogen from the>discharge zone dis-
tances as gréat as a meter or so, and the atdmic'hydrbgen may then be allowed
to react with other gases, liquids or solids outside of the comélicating
discharge zoﬁe. The longevity of atomic hydrogen is explained by the fact

that it recombines by a three-body collision, a rather rare event in a gas

at a pressure less than 1 mm.

H + H + M >'H2 + M,

The third body (which may be molecular hydrogen or the wall of the apparatus )
éerves to carry“off some of the heat of reaction, which amounts to 10L4.2
‘kcal/hﬁle for the reaction as written. Similar mechanismé explain the lon-
gevity of other atomic species, such as atomic oxygen, chlorine, etec. It
has been recommended that the inmer walls of the discharge tube be coated
with various substances such as syrupy phosphoric acid (50, 69) or Dry-film
(81) (a mixture of dimethyldichlorosilane and methyltrichlorosilane). The *°
increased yields which have been observed with such coatings have been

aseribed to a reduction in the activity of the wall in catalyzing the re-

combination reaction. Most workers have found that a small amount of

P
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moisture is beneficial to the formation of atomic hydrogen in a Wood-Bonhoeffer
tube. The usual procedure is to use hydrogen vhich has been saturated at one
atmosphere pressure with water at room temperature.

Atomic hydrogen (as well as other atoms and radicals) may be detected in
a number of ways, including the calorimetric measurement of the heat of the
catalyzed recombination, mirror removal, para-ortho hydrogen conversion and
electron spin resonance. These and other methods are discussed by Steacie (63),
whose monograph may be consulted for further information. A particuiarly
accurate device for determining atoﬁ concentrations is the Wrede gauge (52, 83).
With this gauge, the stream of atoms and molecules is led past a capillary
whose diameter is smaller than the mean free path of the gas. Under these
conditions, gas passes through the capillary only by diffusion. Since the
glass surface of the capillary strongly catalyzes the recombination of the
atoms, only molecules exist at the end of the ecapillary. Recognizing that,
at steady«state conditions, the rate of diffusion of gas through the capillary

is the same in both directions, we calculate

100 (Pl - P2)
n = _
P, (1 - 0.52)
where n is the volume percent of atoms and Pl_an& P2 are the pressures in the

‘main gas stream and at the end of the capillary, respectively. Thus, by

measuring these pressures with two Pirani gauges (one in the stream of atoms
and one at the end of the capillary), the concentration of atoms may be de-

termined. By the use of electrode glow discharges in hydrogen streams at
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several tenths of a millimeter pressure, atom concentrations (as measured with L
a Wrede gauge) as high as 60 volume % have been observed.

Atomic oxygen may be produced in an electrode discharge in much the same
way as is atomic hydrogen. However, in this case the electrodes not only act ..
at catalytic surfaces for the recombination of the atoms, but in many cases
they undergo oxidation and thus introduce impurities in the system. For these
reasons atomic oxygen is generally prepared with electrodeless discharges
(see Page 45 ).

When nitrogen is excited in certain types of discharge tubes, it ex-
hibits greatly enhanced chemical activity and a yellow glow which persists
after the excitation is removed, sometimes remaining visible for an hour or
more. The afterglow consists of well-known band spectra of the nitrogen
molecule. An enormous literature exists on the subject of active nitrogen,
and it now éppears eétablished that the essential component.o6f active nitro-
gen is atomie nitrogen (31). The longevity of this species is explained by
the necessity of three-body collisions in bringing about recombination of
the atoms.

In an ordinary electrode discharge nitrogen is dissociated to its atoms
to the extent of only a few pereent. However, jields of approximately 35% may
be obtained by the use of an intermittent, or pulsed, discharge (17, 22, 25).

A circuit for this type of discharge is pictured in Figure 6. Typically, a

3-5 kv. d.é. power supply charées-a's pf. capacitance through a 20,000 ohm .
resiStance.‘ Depending on the sparking potential'qf the discharge tube and the
applied vbltage, an intense discharge will pass through the discharge tube k& to‘i;

10 times per second. Sometimes an air spark gep is included in series with the
’ ”

’
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Fig. 6. A Pulsed-Discharge Circuit.
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Fig. 7. Discharge Tube for Preparing (S1C1 )
(Pflugmacher and Dahmen)
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discharge tube. The length of the spark gap is then another variable for con-
trolling the discharge frequency. Novéood explanation has been given for the
unusual effectiveness of the pulsed discharge in dissociating nitrogen.

Pflugmacher and Dahmen (hB) preparéd tris-trichloro-silylamine, (SiGl3)3N,
by passing an equimolar mixture of nitfogen‘and silicon tetrachloride vapor
through the discharge tube shown in Figure 7. The middle of the discharge
path consisted of a trap to whose bottom was sealed a small bulb with a break-
seal attached and whose inlet tube had a constriction for slowing the gas
flow., After passing the gases at a preséure around 0.5 mm through the dis-
éharge for 25-40 hours, about 5 ml 6f a crude ﬁroduct collected in the small
bulb. After sealing off the bulb and then attaching it to a suitable frac-
tional condensation train, the (SiCl3)3N was separated from a series of in-
tractable polymeric materials., Two distinetly different modifications of
(SiCl3)3N'were found: & stable form with a melting point of 78° and an un-
stable form with a melting point of uie,

Schenk and his coworkers (10, 53) were the first to étudy the reactive
sulfur oxide which forms whén a stream of sulfur dioxide and sulfur vapor is
passed through an electrode discharge. Meschi and Myers (44A) showed that
the compound formed was disulfur monoxide; SQO° These latter investigators
used an apparatus due to Jones (33) which is pictured in Figure 8. In order
to maintain an appreciable concentration of sulfur vapor in the discharge, the
discharge tube was heated to 1500 with a winding of ‘resistance wire. It was
neceéédry.to havqizgr gap between the wiﬁding and the discharge tube in order
to prevent the discharge from puncturing the glass walls to the resistance

wire. The air jacket also served as an air thermometer. Gaseous disulfur
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Fig. 8. Discharge Tube for Preparing Disulfur Monoxide (Jones (33) ).
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monoxide is stable for hours at pressures of a few mm of mercury, but at

pressures above 30 mm. it rapidly decomposes to sulfur and sulfur dioxide.

Mercury'discharge‘tubes° If a glow discharge is established between two pools

of mercury {(which serve as electrodes) and the mercury is allowed to become
warm, an appreciable amount of mercury vapor will be present in the gaseous
discharge zone. Under the discharge conditions, this mercury vapor can re-
duce various non-metal chloridesvto give mercurous chloride and polymeric
chlorides of the non-metal. |

Urry, Wartik, Moore and Schlesinger (68) prepared diboroﬁ tetrachloride
(BQClu) and tetraboron tetrachloride (BhClh) by passing boron trichloride
vapor through the mercury discharge tube pictured in Figure 9. The auxiliary
apparatus pictured was used to automatically and repeatedly pass the boron
trichloride thfough the discharge tﬁbe. In the following sentences we para-
phrase the authors' description of the operation of the apparatus: Liquid
boron trichloride was present in bulb A at -800, at which temperature its -
vapor tension is 4 mm. During the downstroke of the mercury piston the boron
trichloride evaporated from the bulb and passed through the discharge cell
into the upper chamber of the mercury circulating pump. During this stage
the electrical discharge was not operating. On the upstroke of the piston
most of the boron trichloride in the upper chamber was fofced back through
the cell in which the discharge had then been established. The diboron
tetrachloride formed during this stage, together with traces of other sub-
chlorides and with unchanged boron trichloride, was condensed in bulb A.

On the succeeding stroke of the piston, only the boron trichloride evaporated
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Fig. 9 Mercury Discharge Tube and Auxiliary Apparatus for
Preparing B, Cl, and B4C14, (Urry, Wartik, Moore and
Schlesinger 668)3. '
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from the bulb, since the subchlorides are essentially nonvolatile at -80°.
With continuous operétion of such ah apparatus, the authors obtained one
gram of diboron tetrachloride (together with about 3 mg. of tetraboron tetra-
chloride) per week. The optimum voltage (60 cycle) was about 1000 v. for a
4 em. path. j
Using a similar apparatus, Finch (15) prepared diphosphorus tetrachloride
(PéClu) from phosphorus trichloride. And Urry (67) similarly prepared various
liquid perchloro polysilanes from silieon tetrachloride. When akyl chloro-
silanes are passed through a mercury discharge,=1ong reaction flames are ob-
served and?high yields or silicOn;caerﬁ chain compounds are obtained (67).
It is believed thaﬁ'this type reaction proceeds by a free radical chain
mechanism.
Wartik (75) has shown that the boron subchlorides may be prepared in
yields around one gram per hour by using the discharge tube pictured in Figure

10. Here metallic copper, in the form of copper wool, serves as the reducing

agent for the boron trichloride.

"Glow-discharge Electrolysis."

A glow-discharge electrolysis is an élecfrolysis in which one electrode
is immersed in an electrolytic solution and in which the other electrode is
suspended in the gas phase over the electrolytic solution. A typical appara-
tus for the glow-discharge electrolysis of aqueous solutions is shown in
Figure 11. The suspended electrode is usuvally a platinum wire placed about
8 mm. over the surface of the solution. The electrolysis is carried out under

reduced pressure (approximately the vapor pressure of the solution); during
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Fig. 10. Discharge Tube used for Preparing B2C14. (Wartik (75) ).
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Fig. 11. Apparatus for Glow-Discharge Electrolysis of Aqueous
Solutions. (Denaro and Hickling (14) ).
(1) gas-phase electrode, (2) liquid phase electrode, (3) porous
plug, (4) magnetic stirrer, (5) connections to vacuum line,
(6) cooling water, (7) gas supply.
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the electrolysis a cone-shaped luminous discharge is established between the g ;
gas-phase electrode and the solution. Direct current voltages between 500
and 1000 volts are usually applied across the cell; currents of 25 to 100
milliamps are usually observed. The discharge is initiated either by mo-
mentarily tipping tﬁé cell in order to make direct contact between the gas
phase electrode and the electrolyte or by momentarily applying a high voltage
a.Cc. pulse. |

When the suspended electrode is made the anode (pOSif{ve), chemical
effects far in éxcess of those predicted by Faraday's Law are obsérved. Thus
when an aqueous solution of an inert electrolyte such as NaHCOS, NaEHPOh or
K2SOM is electrolyzed, from 1.3 to 1.9 equivalents of hydrogen peroxide are
formed per faraday of current (13). Electrolysis of aqueous sulfuric acid
has given a mixture of hydrogen peroxide, peroxymonosulfuric acid and peroxy-
disulfaric acid in a total yield of 12 equivalents per faraday (35). Elec-
trolyses of 0.3 M solﬁtions of oxidizable speecies such as the ferrous, azide,
ferrocyanide and cerous ions result in oxidation of these species to the ex-
tent of 5 to 7 equivalenﬁs per faraday (14). It is believed that these oxi-
dations are caused by OH radicals which form from collisional processes in
- the discharge and at the solution-gas interface.

In the glow-discharge electrolysis of an ammonium nitrate solution in
liquid ammonia (using a positive gas-phase electrode), hydrazine forms in
yields of 2.5 moles of hydrazine per faraday (27, 29). When alternating
current is used, yields of only 1.3 moles per faraday are tbtained, indica-
ting that hydrazine is only formed during the half-cycle when the gas-phase -

electrode is positive.

o
I
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The glow-discharge electrolysis of liquid sulfur dioxide containing
about 1% water gives both sulfur (4.2-8.5 g. atoms per faraday) and sulfuric

acid (6.5-13.9 moles per faraday) (B8A).

-Electrodeless Discharges -

Capacitive coupling. If, instead of éealihg electrodes through the glass

walls of a.discharge tﬁbe, the eiectrodes are simply placed on the outside
wall, a discharge may still be established if alternating curfent is used and
if the voltage is high enough. Placing the electrodes on the outside wall
gsurface ampunts to adding capacitors in series with the dischargé eircuit.
The capacitance of two parallel plates of eqﬁal afea may be calculated from

the formula C = 8.84 x 107

KA/d where C is the capacitance in farads, K is
the dielectric cbnstant of the material between the plates, A is the area of
one plate in cm?, and d is the separation of the plate surfaces in cm. The
capacitive reactance may be caleulated from the formula X, = 1/2rfe, where X,
is the capaéitive reactance in ohﬁs, f is the frequency in cycles per second
and C is the capacitance in farads. Thus, when using capacitive coupling in
a discharge ciréuit, it is advantageous to make the electrode areas large,
to use thin glass walls; and to use a high frequency cﬁrfent source.

Metal foil is commonly used as the electrode material; although thin
coats of Aquadag (é hiéhly conductive paint consisting of a suspension of
graphite particies) (18), meréﬁry (s51), or electrolytic solutions (71, 73)
may also be uséd. When it is necessary to keep the diécharge tube (includ-
ingvthe eiectrodé area) cold; it is conﬁenient to uée the ecooling bath

itself as an electrode. Thus, a 1% solution of concentrated hydrochloric
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aeid in acetone is a reasonably good conductor and freezes around -950. s

Although power supplies of radio frequency have been used with capacitive .
coupling (18); it is commoner. to use the regular line frequency of 50 or 60
cycles per second. The usual discharge tuﬁe consists of two concentric glass
tubes between which the discharge is established. This type device is called
a Siemens,bzbnizer (or ngnator). A typiecal set-up is pictured.in Figure 12,
The capacitive reactancg of an ordinary ozonizer is usually arouﬁd 50 megohms,
or several Crders of-magnitude greater than the impedancerof the transformer.
Therefore it is unnecessary to have any stabilizing resistance in the ecircuit.
The. ozonizer is usuallytised with applied_potentials between.s and 20 kv, and
~currents up to 5 ma are drawn.

Sinée the interesting products of most discharge syntheses are rather un-
stable mclecules,‘it is important that the reaction products be removed from
the discharge zone as rapidly as possible. For this reason, most synthesés
are carried Qut in Tlow systems where the gases are rapidly passed through the
digcharge. Several syntheses of this type are dicsusged in the following pars-
graphs.

The most imgortant applicatiOn of the electric discharge (both industrially
.and in the laboratory) is the preparation of ozone. Oxygen or air, at one
atmmsphere pressuré, iévpassed through a Siemens ozbniéer or between two para-
llel glass platgs with the electrodes:onvthe outer surfaces. During the dié-
charge, the gas space is filled with a diffuse gloﬁ which has been described

as a series of brush discharges (al). The over-all discharge is actually inter-

mittent; during each cycle of the alternating current there are two discharge

periods and two dark periods. Oscillographic studies have shown that, during
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Typical Siemens Ozonizer Set-up.
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the discharge periods, the potential across the gas space is constant. The

power input to an 0zoniier may be calculated from the relation

W = L+fcdeO [em - (cg/c) eo}

vhere W is the power, f is the.frequency, Cd is the capacity across the di-
eleetric walls, Cg is the capacity of the discharge gap, C is the over-all
" capacity, e0 is the discharge’potential across the gas, and em is the peak
voltage applied across the electrodesf(ha).

The conversion of oxygen to ozone is increased by raising the power in-
put, but the increase in yield is less than prOporticﬁal unless the flpw rafe
is increased so as toO maintain a constant ©zone concentration. If oxygen is
replaced by air, both the concentration and the energy yield of ozone are
approximately halved. The presence of moisture has a very deleterious effect;
as little as 0.02 mg of water per liter of gas can measurably reduce the yield
of ozone. The lower the temperature of the ozonizer, the higher is the con-
eontration of ozone (24).

A simple method for adapting an all-glass distillation condenser for use
as an ozonizer has been described (38, 59). A more efficient laboratory
ozonizer, capableAbf produciné;B% (by weight) ozone with an oxygen flow of 5
to 6 liters per hour has also been described (79). A commercially aveilable
laboratory ozonizer (Welsbach Model T-23) produces 2% (by weight) ozone with
an oxygen flow of 200 liters (S.T.P.) per hour (47). Wi%h lOWer.flow rates,
concentrations as high aS'G% éan be obtained. The"energy efficiency of the

best commercial ozonizers is about 140 g./ kw-hour, using oxygen (2L).
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Benson and Axworthy (L) have discussed the mechanism of formation and
decomposition of ozone in an ozonlzer. They propose three processes for the
formation of ozone: +the combination of atomic oxygen and molecular oxygen
(Equation 1), a collisional de-excitation reaction (Equation 2), and a dis-

sociative recombination of ions (Equation 3).

0 + 0, + M >03+M (1)
. 0% (321:) + 0570 + 0, (2)

O; + 0; —_— > 0 + O3 + energy (3)

- They believe that ozone is destroyed in the discharge both by eleetron bom-

bardment

03+e*—é0+02+e

and by thermsl decomposition. Thus it is clear why over-all ozone yields

increase with both increasing flow rate and decreasing temperature. The

atomic oxygen which does not form ozone recombines to form molecular oxygen:

O+O.+M—-ﬁ02+M

Andreev (2) flushed the vapors of methyltrichlorosilane through an
ozonizer-type discharge tube with a stream of hydrogen which finally passed
through cold traps to collect the product. A mixture of polychloromethylsilanes

containing chains of alternating silicon and carbon atoms was formed in yilelds
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of about 50%. By fractional distillation of the liquid product, 1,1,1,3,3-pen-
tachloro-1,3-digilabutane (CH301281-03231013), 1,1,1,k4,k-pentachloro-1,k-di-

silapentane (CH Cl Sl CH -CHE-SiCl3), and various compounds of composition

3
C3H7017813 and CAH9 Slu were obtained., Andreev proposéed a reaction mecha-
nism involving C-I-I3 and SiCl3 radicals and H atoms.

Kotlensky and Schaeffer (38) swept diborane (B2H6) through an ozonizer
with . a stream of helium and collected the condensible products in cold traps
beyond the discharge. By fractional condensation it was possible to separate
the products: B,H,, (4o% yield), BSH9 (20% yield), BSHll (30% yield), and
small ampunts of B6Hl and B9Hl5

Sometimes the products of a discharge tube reaction have sufficiently
low volatilities that, onece formed, they condense out on the walls of the
discharge tube and are then safe_fTOm bombardment by highbenergy electrons
and ions. In such cases a "static" discharge system may be employed wherein
the reactants are kept in the discharge tube until completion ofeéhe reaction
or wherein the reactants are continually fed into the discharge tube at a rate
equal to their rate of reaction. Severél examples of these "static" syntheses
in ozonizer-type ditharge tubes are discussed in the following paragraphs.

Schwarz and Achenbach reported the synthesis.of sulfur tetroxide, sou,

by the reaction between pure O_ and 802 in a glow discharge (57). Wannagat

2
has shown that when commereisl oxygen containing traces of nitrogen is used

in the preparétion, the producf is highly contaminated with dinitrosyl di-
sulfate, (NO)éS207, the presence of which confuses the product analysis (70).

Using eleetrolytically-prepared oxygen, Wannagat and his coworkers have shown -

that S0,-0, and SO_-0

=05 370 mixtures react in static ozonizer-type tubes to form
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solid, unstable polysulfur peroxides, (SO3 23, 9) » whose O:§ ratios are depen-
dent on the S0 O2 ratios in the reacting gas mixtures (71, 73). These com-
pounds are believed to have structures similar to that of 5-803, but in which
a variable number of thg linking oxide groups have been randomly replaced by

peroxide groups:

oo 802-02-802-0-802-02-802 ce
The apparatus used in these studies is pictured in Figure 13. It will be
noted that provision was made for cboling the discharge tube.

Using a discharge tube similar %o that in Figure 13, static mixtures of
thionyl fluoride and oxygen (1:1) have been converted at -500 to a liquid
mixture containing monoperoxy-tetrafluorodisulfur(VI) oxide (Seoth) and
monoperoxydifluorodisulfur(VI) oxide (3206F2) (72). These compounds, whose
boiling points are 570 and 670, respectively, are believed to have the struc-

tures indicated below.

2 5 h FBSO—O-O-SOeF

8206F2: FSO2-O-O-SOQF
Treatment of 1l:1 mixtures of phosphorus trifluoride and oxygen in the same
type of statie discharge at -600 to -750 gives a solid, white compound of the
approximate composition P7 10 15 (74). When this material is warmed to room

temperature, the volatile compounds PFS’ POF3, and P2 3Fh and the non-volatile
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polymer (POQF)x are formed. The latter two compounds are believed to have the

struétures indicated below.

P2O3Fu: .FEPO-O-POF2

(POF),:  ***POF-0-POF-O-POF: ..

Wartik and Rosenberg allowed a 3:1 mixture of carbon monoxide and boron
trichloride to staﬁd in an ozoﬁizer discharge for 160 hours, during which time
the pressure gradually decreased and a yellow film depoSited‘on the walis of
the discharge tube (76). From the observation that no boron trichloride and
only about one-thifd of the original carbon monoxide remained in the gas phase,
it was concluded that tﬁekgoiid had fhe composition BC13° 2C0. This polymeric

material is believed to have a strueture involving cross-linking of boron atoms

by -0- groups, -CCl,.- groups, and -CO- groups.

2
Organi2 compounds have been labeled with tritium by exposure of the com-
pounds to tritium gasi(80)° A tremendous increase in the yield of labeled
molecules is achieved by applying an external source of radiation during the
tritium treatment (19).4 Lemmon and his coworkers (39) used the static ozoni-
zer-type discharge tube pictured in Figufe 14, By exposing 0.6 ml. of benzene
to 40 millicuries of tritium in this discharge tube for one hour, 0.67 milii-
curie of activity was found‘to have been incorporated in 0.5 ml. of the puri-

fied benzene. Without the electric discharge, a total activity of only

b x ].0'5 millicurie would have been incorporated in the benzene.



-38- ' UCRL-9501

7
0-1 Break-off Glass seal
ma. - seal for « for sample
sample and tritium
_ removal insertion
l ] I r
‘g" )
S §
3 20 mm. 0D &
: - | {20 mm. Y
€0~ g <] Pyrex tubing
l H,0
- ~ 30 mm. 1D
: —é— : il Pyrex tubing
: WO ENS PSR NN
Benzene — | &—— ___| _.}D
H,0
\ & X
MU- 16664

Fig. 14. Apparatus for Tritium Labeling of Benzene.
(Lemmon et al (39)).



-39-

Inductive coupling. If a glass vessel containing & rarified gas is placed

inside a solenoid through which an alternating current is passing, a discharge
will be established if the current and frequency are sufficiently high. The
electrons and ions in the gas will be accelerated by the rapidly changing
magnetic.field within the solenéid. Since the lines of magnetic force in

the discharge tube are parallel to the axis of the solenoid, the charged ‘(

particles in the discharge will be accelerated in circular paths around the

solenoid axis. The energy which the electrons and ions acquire is propor-

tional to the square of their distance from the axis (66).  Hence, if the
discharge tube is centered within the solenoid, the charged particles nearest
the walls of the tube acquire the greatest energy. It is clear why this
type of discharge is sometimes called a "ring discharge'.

A very common form of electrodeless discharge tube consists of a glass
tube passing through several turns of copper tubing, as shown in Figure 15.
The copper tubing solenoid is supplied with power from a radiofrequency
oscillator. The solenoid is usually an integral part of the osecillator cire
cult and its dimensions (number of turns, diameter, length) affect the actual
frequency of the current. The efficiency of the coupling between the coil
and the discharge is a function of the pressure of the gas and of the dielec-
tric loss factor of the glass walls. If the gas pressure is too low, there
are insufficient electrons and ions formed to give a highly conducting dis-
charge phase; if the pressure is too high, the discharge may be quenched
because of a too high sparking potential. Ordinérily, pressures around 0.5 mm
of Hg are optimum for the production of radicals and atoms in dischargg tubes.

If the glass walls of the discharge tube are made of some glass like Pyrex
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(1loss factor = 2.1% at 1 me/sec and 20°), a considerable amount of power from
the oscillator will be wasted in dielectric heating of the glass. ‘Thus not
only is the glow discharge reduced, but the discharge reaction which is being
studied may be deleteriously affected by the hot walls. If insufficient cool:
ing ' .is provided, the glass walls may melt and collapse. Silica glass is
preferred over Pyrex not only because of its lower loss factor (0.04-0.2%)

but also because of its highér melting point. Corning glass No. 7070 is a
special low loss (0.2u4%) borosilicate glass which has the advantage that it

may be sealed directly to nyex glass.,

Oftentimes  the discharge will spread throughéut the vacuum system con-
nected to the discharge tube, rather than remain in the vieinity of the coil.
This spreading may be prevented by atbtaching copper foil gtrips directly to
the outside glass walls (30). |

Circuit diagramé for radio frequency power supplies have been published
(8, 23, 5k, 61)9 but many commercially available radio transmitters are quite
éatisfactory aé pover supplied for inductively coupled discharge tubes.,

 Jennings1and iinnett (30) used a solenoid discharge tube (with a 9.7 mc/sec.
bscillator cf‘350 watts powef) to produce hydrogen atoms in a stream of hydro-
gen at 0.08 m pressure. Tﬁey’fbund an atom concentration (as determined with
é Wrede gauge) of 50-60% about 25 cﬁo downstream from the discharge.

Schuﬁb, Gamble ahd Béhus found that.when boron triiodide was sublimed
at a pressure éf 1-3 mm. through a solehoid.discharge tube powered by a
é m.c/'séc° transmittér, diboron tetraiodide (Balh)’ a lower iodide of boron
(Bxly? with x > y), and free iodine were formed (55). The lower iodides of

boron condenséd out in the diséharge tube and near its exit; the unreacted
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boron triiodide and iodine condensed out in a liquid nitrogen trap. Forty -
percent of the boron triiodide decomposed in one pass; one third of the de-
composed boron triiodide was recovered as diboron tetraiodide. B2Ih is a

pale yellow solid which slowly disproportionates at room temperature:
BQIh —_— BI3 + I/X (BI)x'

Schumb and Rogers (56) found that the vapor of aluminum (III) iodide may
be converted by a solenoid discharge to iodine and a product of empirical com-

position Al This materisl was believed to be a mixture of aluminum and

l.22I°

some subiodide such as (A.ﬂI)x°

Miecrowave discharges. If a microwave generator is coupled to a hollow metal

container, standing waves will be established, whose pabttern depends on the
shape and dimensions of the cavity. Resonance cavities which are used for the
excitation of discharge tubes are generally in the shape of cylinders, with
the radistion being introduced from coaxial tubing via a loop. Sinee the glass
discharge tube is usually placed along the axis of the eylindrical cavity, it
is desirable that a mode of oscillation be established wherein the eleetric
field lines near the center are parallel to the cavity's axis. This con-
dition is fulfilled in the TMOl mode, for'vhich it is required that the radius
of the cylinder be equal to 0.383 A, where A is the wavelength of the micro-

wave radiation (1, 20, 49). If the radiation enters from a coaxial wave guide
at a point midway between the ends of the eylinder, it is best to have the v

loop (an extension of the inmer conductor of the coaxial line) parallel to the
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cylinder's axis, so that it is also parallel to the electric lines of force (1).
The comments which were made regarding the dielectric loss factor of the
glass tubing used for solenoid discharge tubes (see above) applies equally-
v well here.
Magnetrons are commonly used as microwave ,gsources. Raytheon QK 60 and
@K 61 magnetron tubes (which have been available as Navy surplus) are useful
50 watt sources of 10 cm. microwaves. One need simply provide filament vol-
tage and a d.c. power supply with a voltage variable between 1000 and 1500
volts. Commerc¢ial diathermy units are convenient, self-contained microwave
generators. The units manufactured by Raytheon Manufag¢turing Co. (Waltham,
Mass. ) and by Baird Associates, Inc. (Cambridge, Mass,) operate at a wave-
leng?h of l2°2 em. with power oﬁtputs of approximately 100 watts. The Ray-
theon unit is pictured in Figure 16.
E‘Microwave discharges have, in common with all electrodeless discharges,
the advantage of having no metal electrodeé in the discharge zone. MeCarthy
(41) has pointed ogt that microwave discharges have two unique advantages
over other types of discharge with respect to chemical syntheses: (1) For
many gases, & microwave discharge, after being initiated at a low pressure
(5-30 mm Hg), persists as a glow discharge even if the pressure is increased
abo%e atmospheric., (2) The energy efficiency of a microvave discharge for
radical production is much greater than that of other types of discharge.
(This latter assertion has been challenged by Shaw (58) ). McCarthy studied
the energy yield of nitrogen, oxygen, and hydrogen atoms as a function of
several variables such as the electric field strength and the pressure. He

used a commercial generator which delivered up to 1500 watts of microwave
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power at a frequency of 26k mc/éec. His best energy &ields were 0.58 g
atom/kw-hr for nitrogen, 0.80 g atom/kw-br for oxygen, and 1.0 g atom/kw-hr
for hydrogen. These yields are based on calorimetric determinations of the
radicals, and may be too high because the calorimetfic method cannot dis-
tinguish excited molecules from atoms. Nifrogen dioxide was prepared from
air with a meximum yield of 0.77 mole/kw-hr. It was found that the reaction
was most efficient when the energy supplied was just sufficient to sustain
the discharge. At this point, the rate of production of electrons equaléd
their rate bf diffusion to the walls. The production of excessive electrons
reduces the effieiency, because then many electrons lose an appreciable
amount of energy to the walls in high energy collisions.

Kaufman used a 700 watt generator of 3000 mc/éec microwaves in the pro-
duction of atomiec oxygen (34). He utilized the greenish yellow chemiluminescence

of the reaction of atomic oxygen with nitric oxide to detect atomic oxygen:

o,+N0—%N02+hv

A reaction much faster than the above reaction is the reaction between stomic

oxygen and NOE:

0 + 'NO,: > 0, + NO

Hence it is possible to "titrate" oxygen atoms with NO, to the point of
complete extinction of the chemiluminescence. It will be noted that the

"titration" furnishes its own indicator. This titration method was used to



study the kinetics of the reactions of atomic oxygen with various species.
When boron trichloride is passed through a microwave discharge at low

pressure; diboron tetrachloride and chlorine are formed (16):

2BCL, ———> BLCL, + C1

3 2°

The diboron tetrachloride and unreacted boron trichloride may be condensed
in a -112° trap and the chlorine in a --1960 trap. Under similar conditions,
germanium tetrachloride will react to. give digermanium hexachloride and

chlorine (32, 60):

2GeCly, > Ge Clg + CL,.
A -18° trap is used to collect the crystalline Ge2016; a -78.50 trap collects
the unreacted GeClh, and a -196o trap collects the chlorine. The apparatus

used for this latter synthesis is pictured in Figure 17.
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ARCS

Arcs under Liquids and Solutions -

Metallic dispersion. Colloidal suspensions of various metals may be prepared

by forming arcs between metallic electrodes under liquids. By this technique
(Bredig's method), suspensiohs of platinum, gold, lead, silver, mercury,
aluminum, tin, iron, zinec, and caleium have been prepared (3, 7, 11, 26).

The arc is usually formed by touching two wires of the metal under the liguid
and then separating them a short distance. If the ordinary 110-volt current

is used, a resistance of about 10 ohms should be in series with the electrodes.

Zine arc reduction. If an arc is struck between zinc electrodes beneath a
chemically reactive liquid, interesting reduction products may be formed.
Stock, Brandt and Fischer used the zinc are apparatus pictured in Figure 18

to prepare C from carbon disulfide, SiQCl6 and higher perchlorosilanes

3%2
from silicon tetrachloride, PQClh and phosphorus from phosphorus triehloride,
and BEClh and boron from boron trichloride (64). 1In a typical experiment, a
direct current of 4-5 amperes from a 110 volt source passed through the arc
discharge and a regulating resistance in series. The potential drop across
the electrodes was generally 20-25 volts. In the preparation of the 0352,

180 mg. of C was obtained per gram of consumed zine, corresponding to a

3%2
50% yield based on the equation

368, + bifn —> C

‘ ..
5 35y * LZns. N
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Arcs in Flowing Gases -

Stanley (62) formed a discharge between two tungsten electrodes in a
stream of nitrogen gas. The electrodes were separated by a short length of
quartz capillary tubing through which the discharge and the flowing nitfogen
passed. Although currents of only SOQ ma at 5-10 kv were passed, the dis-
charge was very intense in the regioﬁ of the capiliary and was cdlled an arc
discharge by Stanley. With this appératus he was able to prepare active nitro-
gen at pressures as high as atmospheric. .

If an arc between two electrodes is established in a stream of rapidly
flowing gas, the hot discharge zome (the "plasma") will be pushed in the |
direction of flow. If the are is formed in a properly designed chamber with
an exit nozzle, it is possible to form a flame-like.discharge or "plasma jet"
wherein the electrons and ions are praétically in the complete absence of an
external electric field (46). A cross-sectiénal view of a commercially available
plasma jet torch is shown in Figure 19. Plasma jet torches are maﬁufaqtured
by the Plasmadyne Corporation (Santa Ana, California) and the Thermal Dynamics
Corporation (Lebanon, New Hampshire). In general, these torches consist of a
chamber with a water-cooled tungsten cathode at one end énd a water-cooled
copper anode-nozzle at the other end. An‘inert gas such as argon is intro-
duced near the tungsten cathode and is allowed to escape as a jet from the
nozzle. A commercial ?lasma jet is available whieh is designed for continuous

laborétofy operation at 60 volts D.C, with power levels of 2 to 4O kw. Larger,

.
.
o

industrial units may be operated up to 1200 kw. (65).

Hydrocarbons may be cracked in a hydrogen plasma jet to acetylene (24, 65)
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and carbon reacts with nitrogen in a nitrogen plasma jet to form cyanogen (65).” -

Schematic drawings of the apparatus for these syntheses are shown in Figure 20._

Thermodynamic studies indicate that it should be feasible to prepare hydrogen

cyanide with & plasma jet containing hydrogen, carbon and nitrogen (43, bk).

Miscellaneous Industrial Application. -

Electric arc discharges have found extensive industrial application in
metallurgical énd chemiecal ?rocesseé; As isolated éxamplés we may cite steel
manufacture (the "eleetric arc furnace”) (6), the preparation of nitrogen
oxides (the outmoded arc method of nitrogen fixatioﬁ)(la), the preparation of
fluorocarbons (9), lower metal halides such as T-_tc-l'3 (28), hydrideé (45),

hydrogen cyanide (36), and metal borides (37).

-

-



-53- | , UCRL-9501

FORMATION OF ACETYLENE FROM
HYDROCARBON LIQUID OR GAS

. HYDROCARBON  WATER
LIQUID OR GAS -:QUENCH:

ISRV

A X NN

7 =] 2

/& CRACKING ACETYLENE
HYDROGEN
BLASMA ~ZONE IN OFF GAS

SYNTHESIS OF CYANOGEN FROM
CARBON AND NITROGEN

POWDERED CARBON
'

K LTt . >
> L

NN

NITROGEN CYANOGEN
- PLASMA IN OFF GAS .
. MU‘—22281

Fig. 20. Plasma Jets for the Synthesis of Acetylene and Cyanogen.
(Courtesy of the Thermal Dynamics Corp. ).



-5k

- REFERENCES

1. American Radio Relay League, "The Radio Amateur's Handbﬁok," 37th Edition,
West Hartford, Comn., 1960, p. 57. B )

2. Andreev, D. N., Bull. Acad. Sci. U.S.S.R., Div.Chem. Sci., 1957, 839.

2A. Anon., Chem. Week, 83, No. 24, 27 (1958).

3. Beans, H. T. and Eastlack, H. E., J. Am. Chem. Soc., 37, 2667 (1915).

4. Benson, 8. W. and Axworthy, A. E., Jr., from "Ozone Chemistry and Tech-
mhgﬂﬁmQlMAhmwsmcmmmwSukmAﬂﬁul%%p.w&
Benson, S. W., ibid., p. 405. _ ‘

5. Bonhoeffer, K. F., Z. physik. Chem., 113; 199 (192k).

6. Bray, J. L., "Ferrous Production Metallurgy," John Wiley and Sons, New
York, 1942, pp. 361-377.

7. Bredig, Z. Elektrochem., 5, 514 (1898).

8. Cable, J. W., "Induction and Dielectric Heating," Reinhold Publ. Corp.,
195k, p. k9. |

8A. Cady, G. H., Emeléys, H. J., and Tittlé, B., J. Chem. Soc., 4138 (1960).

9. Cook, N. C. and Wolfe, J. K., U.S. Patent 2,785,119, Mar. 12, 1957;

Chem. Abstracts, 51, 93801 (1957).

10. Cordes, H. and Schenk, P. W., Z. anorg. Chem., 214, 33 (1933).
11. Crosson, R. C., Jr., and Abrahams, H. J., J. Chem. Education, 23,
289 (1946).
- 12. Curtis, H. A., "FixediNitrogen,“ The.Chemiéal Catalog Co., New York,
1932, pp. 132-1k9,
13. Davies, R. A., and Hickling, A., J. Chem. Soc., 3595 (1952).



1k,
15.
16.
17.
18.

19.
- 20.

21.

22.

23.
2k,

25.

26,

27.
28,

29.
30.
31.
32.

=55~

Denaro, A. R. and Hickling, A., J. Electrochem. Soc., 105, 265 (1958).
Finch, A., Canad. J. Chem., 37, 1793 (1959)

Frazer, J. W. and Holzmann, R. T., J. Am. Chem. Soc., 80, 2907 (1958).
Ggrtagaﬁis, P. A, and Winkler, C. A., Can. J. Chem., 34, 1L57 (1956).

Garvin, H. L., Green, T. M., and Lipworth, E., Phys. Rev., 111, 534 (1958).

Ghanem, N. A. and Westermark, T., J. Am. Chem. Soc., 82, L4432 (1960).

Ginzton, E. L., "Microwave Measurements,"” McGraw-Hill Book Co., New York,
1957, pp. 477-k90.

Glockler, G. and Lind, S. C., "The Electrochemistry of Gases and other
Dielectrics,"” John Wiley and Sons, 1939.

Greenblatt, J. H. and Winkler, C. A., Can. J. Res., B 27, 721 (1949).
Gﬁtmann, V., Nowotny, H., and Ofner, G., Z. anorg. Chem., 278, 78 (1955).
Hann, V. A. and Manley, T. C., "Encyclopedis of Chemical Technology, "
Vol. 9, Interscience Encyclopedia, Ine,, New York, 1952, pp. T735-753.
Heald, M. A. and Beringer,‘R., Phys. Rev., 96, 645 (1954).

Henderson, W. E. and Fernelius, W. C., "A Course in Inorganic Preparations,”
McGraw-Hill Book Co., New York, 1935, pp. 162-L.

Hickling, A. and Neﬁns, G. R., Proc. Chem. Soc., 368 (1959).

Horizons Titanium Corp., Brit. Patent 791,152, Feb. 26, 1958; Chem. Ab-
stracts, 52, 14998h (1958). |

Ingraham, T. ﬁ,, Can. J. Chem., 30, 168 (1952).

Jemnings, K. R. and Linnett, J. W., Nature, 182, 597 (1958);

Jennings, K. R. and Linnett, J. W., Quart. Rev., 12, 116 (1958).

Jolly, W. L., "Syhﬁhetic Inorganic Chemistry," Prentice-Hall, Englewood

Cliffs, New Jersey, 1960, pp. 113, 170-17L.



-56-

33. Jones, A. V., J. Chem. Phys., 18, 1263 (1950).
34. Kaufman, F., Proc. Roy. Soc., A247, 123 (1958). | .
35. Klemenc, A. and Ofner, G., Z. Elektrochem., 57, 615 (1953).

36° Knapsackariesheim A,-Ga, Brit. Patent 780,080, July 31, 1957; Chem.
Abstracts, 52, 670c (1958). |

37. Kohlswa Jernverks Aktiebolag, Brit. Patent 790,938, Feb. 19, 1958; Chem.
Abstracts, _5_g, 12628e (1958).

38. Kotlensky, W. V. and Schaeffer, R., J. Am. Chem. Soc., 80, L4517 (1958).

39. Lemmon, R. M., Tolbert, B. M., Strohmeier, W., and Whittemore, I. M.,
Science, 129, 1740 (1959).

ko, Loeb, L. B., "Fundamental Processes of Electrical Discharge in Gases,"
John Wiley and Sons, New York, 1939.

41. MeCarthy, R. L., J. Chem. Phys., 22, 1360 (1954).

k2, Manley, T. C., Trans. Electrochem. Soc., 84, 83 (1943).

43. Marynowski, C. W., Phillips, R. C., Ferguson, F. A., and Hiester, N. K.,
Paper No. 70 pfesented vefore the Divigion of Inprganic Chemis try at the
New York A.C.S. Meeting, September, 1960.

L, .Marynowski,.c, W., Phillips, R, C., Phillips, J. R., and Hiester, N. K.,
"Thermodynamics of Selected Chemical Systems Potentially Applicable to
Plasma Jet Synthesis," preprint from Stanford Research Institute, Menlo
Park; California.

44A, Meschi, D. and Myers, B., J. Am. Chem. Soc., 78, 6220 (1956).

45. Metallgesellschaft A.-G., Ger. Patent 934,764, Nov. 3, 1955; Chem. Ab-  =.

]

stracts, 52, 1904kh (1958);



k7,

kg,

50.
51,
52.
53.
5k,
55

56.

o7
58o

59.
60.
61.
62,

=57~

National Academy of Sciences, National Research Council, Division of
Engineering and Industrisl Research, Report MAB-167-M, "Development and
Possible Applications of Plasma and Related High-Temperature Generating

Devices," Washington 25, D.C., Aug. 30, 1960.

Operating Instructions for Model T-23 Laboratory Ozbnator, The Welsbach

Corporation, Philadelphia, Pa., 1960.

- Pflugmacher, A. and Dahmen, H., Z. anorg. allgem. Chem., 290, 184 (1957).

Pollard, E. C. and Sturtevant, J. M., "Microwaves and Radar Electronics,"
John Wiley and Sons, New York, 1948, pp. Ll-Sh,
Poole, H. G., Proc. Roy. Soc., Al63, 415 (1937).

Prodell, A. G. and Kusch, P., Phys. Rev., 106, 87 (1957).

Rodebush, W. H. and Klingelhoefer, W. C., J. Am. Chem. Soc., 55, 130 (1933).

Schenk, P. W., Z. anorg.Chem., 211, 150 (1933); 233, 385 (1937).
Sdhumb, W. C. and Bickford, F. A., J. Am. Chem. Soc., 58, 1038 (1936).
Schunb, W. C.,Gamble, E. L. and Banus, M. D.; J. An. Chem. Soc., 7L,
3205 (1949).

Schumb, W. C. and Rogers, H. H., 3. Am. Chem. Soc. 73, 5806 (1951).
Schwarz, R. and Achenbach, H., Z., anorg. allgem. Chem., 219, 271 (1934).
Shaw, T. Mo, Chapter 3 in "Forma’clon and Trapping of Free Radicals,

A. M. Bass and H. P. Broida, editors, Academic Press, 19600

Sheehan, W. and Carmody, W., Ind. Eng. Chem., Anal. Ed., 9, 8 (1937).
Shriver, D. and Jolly, W. L., J. Am. Chem. Soe., _8_(_)_, 6692 (1958).
Smith, Ds S., Can. J. Technol., ;&; 521 (1957).

Stanley, C. R., Proc. Phys. Soc., 674, 821 (195k4).



63.

6k,
65.

66.

67.

69.
70.
T1.
72,

73.
Th.

5.

76.

7T
8.

-58-

Steacie, E. W. R., "Atomic and Free Redical Reactions," Second Edition,
Vol. I, Reinhold Publ. Corp., New York, 195k.

Stock, A., Brandt, A., and Fischer, H., Ber., 58, 643 (1925).

Thermal Dynamics Corporation, Lebanon, New Hampshire; "Plasma-fax" bulle-
tins.

Thomson, J. J. and Thomson, G. P., "Conduction of Elgetricity Through
Gasés,"‘Vol.‘iI, 3rd edition, Cambridge Univ. Press, 1933, p. 431 ff.
Urry, G., Hanson, J. E., and Kaczmarczyk, A., Paper No. 56 presented before
the Division of Inorganic Chemistry at the New Yofk meeting of the A.C.S.,
Sept. 1960.

Urry, G., Wartik, T., Moore, R. E., and Schlesinger, H. I., J. Am. Chem.
Soc., 76, 5293 (195k4).

von Wartenberg,‘H. and Schultze, G., Z. physik. Chem., B6, 261 (1929).

Wannagat, U., Z. anorg. allgem. Chen., 269, 232 (1952).

Wannagat, U. and Mennicken, G., Z. anorg. allgem. Chem., 268, 69 (1952).

Wannagat, U, and Mennicken, G., Z. anorg. allgem..Chem.,‘gzﬁ, 310 (1955);
also pri#ate communicatioﬁ from Professor Wannagat.

Wannagat, U. ana Rademachers, J;, Z. anorg. allgem. Chem., 286, 81 (1956).
Wannagat, U. and Rademachers, J., Z. anorg. allgem. Chem,5'g§2, 66 (1957).
Wartik,vT., Paﬁér No. 55 presented before the Division of Inorganie Che-
mistry at the New York A.C.S. meeting, September 1960.

Wartik, T. and Rosenberg, R. M., J. Inorg. Nuclear Chem., 3, 388 (1957).
Weinrich, G. and Hughes, V. W., Phys. Rev., 95, 1h51 (1954).

Wendt, G, L. and Landauer, R. S., J. Am. Chem. Soc., 42, 930 (1920);

Lk, 510 (1922).



9.
80.
81.
82.

83.

-59-

Whaley, T. P., J. Chem. Education, 3%, 9k (1957).

, . L

Wilzbach, K. E., J. Am. Chem. Soc., 79, 1013 (1957).

Wittke, J. P. and Dicke, R. H., Phys. Rev., 103, 620 (1956). |
| M O.Mal L]

Wood, R. W., Proc. Roy. Soc., 97, 455 (1920); 102, 1 (1923); Phil. Mag.,
] » . 21

by 538 (1922).

Wrede, .E., Z. Physik., 54, 51 (1929).



. This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission” includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor'of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






