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Chemical Physics of Discharges

Wade L. Fite

University of Pittsburgh

Intreoduction

The gas discharge as a chemical tool is of interest for the environment
which it provides, an environment which in many respects is very close to and in

‘others very far away from thermal and chemical equilibrium. Since achieving this

situation in the gas discharge is a result of the phrsical processes occurring to
sustain the electrical characteristics of the discharge it is appropriate to
consider some of the basic physical aspects of gas discharges before examining
the chemical consequences.

In attempting to understand the physics of discharges one would like first
to understand the microscopic processes in discharges and then construct a
reasonably complete and accurate synthesis to describe the macroscopic character-
isties. This approach of course implies that one has a detailed understanding of
the processes involves and know the rates and cross sections for the processes.
While one can use this approach succesfully up to a point, the extreme complexity
of discharge phenomena forces one also to formulate a macroscopic descrlptlon
and work toward a Juncture with the microscopic point of view.

In tnis brief review, the microscopic point of view will be used primarily.
Also, in view of the fact.that other participants at this symposium will discuss:
extensivelv the heavy particle aspects of discharges, i.e., the chemistry, it
would appear appropriate to emphasize in this paper the role of the electron in
discharges. In‘'the final analysis, the electron is the essential ingredient, the
sine qua non of a gas discharge, the agent which transfers energy from an electrical
power supply to the gas.

Following some microscopic considerations, some of the macroscopic description
of discharges is reviewed briefly and finally the afterglow of a gas discharge

is discussed. '




ITI Electron Motion and Behavior

Be it supposed that a gas is enclosed in a container and that a free electron
has been produced--perhaps by a cosmic ray, or by the radiation from the experimenter's
watch dial, or from that little piece of uranium glass in a graded seal, or by
cold cathode emission by the very strong electric fields around a sharp point on
an electrode in the discharge tube.

If a dc electfic field is imposed, the electron will respond according to
Newton's law,

Ve %E | . (1)

and begin to accelerate in free fall. This acceleration will continue until it

has a collision with a gas molecule. If the energy of the electron at the time

of collision is very low, only elastic scattering will be admitted. At higher
energies large amounts of energy can be lost by the electron in exciting the molecule
to high-lying states of internal energy and at higher energies yet, ionization can
occur. The latter process is, of course, essential to achieve the electron multi-
plication and convert the gas with a single electron in it into a gaseous medium

of high electrical conductivity.’

" Since each type of collision has separate consequences for. the discharge we
consider them in turn. The collisions are of course statistical and we must
incorporate statistics with particle mechanics in their treatment.

A. Elastic Collisions: Transfer of Energy

In elastic collisions of electrons with heavy gas molecules, two effects are
of importance. First there is a redistribution of directions of travel of the
electrons and second there is a very slight loss of energy (and therefore speed)
as a very small amount of momentum and energy are transferred to the molecule by
the electron.

At low energies, i.e., & few ev and less, electron scattering tends to be
isotropic in angle in the center of mass coordinates. This implies that if we
examine many electrons immediately after they have had a collision the average
vector velocity will be zero, but of course the average scalar speed will not be
zero. The probability per unit time that an electron will have a collision
(i.e. the collision frequency) is given by

Z(c) = nQucC : (2)

where n is the number density of molecules, c¢ is the electron's speed and Q(c)
is the total cross section for elastic collisions. The cross section generally
diminishes with increasing speed, although resonances in scattering impart
considerable structure in the functional form of the cross section in the case
of most gases.

' We suppose that an electric field, E, is imposed in the z direction,. and
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inquire about the component of velocity in the z direction, averaged over all
electrons, <v,>, which is identical to <¥>. Since each electron responds to the
field in the same way, the average acceleration due to the field is.that of

each electron separately. Further, because the average velocity is zero following

a collision, the loss of average velocity due to collisions is to good approximation
Just the product of the average collision frequency <Z> and the average velocity.
Thus we can write that for the average velocity in the z direction

dN2 g oz, | (3)
dt m :

When the steady state is achieved the left side vanishes, which implies that the
pickup of directed velocity from the field is just balanced by the loss of directed
velocity due to the randomization of direction of motion by the collisions. Under
steady state collisions, then,

Q- & L E =pub 8

where u is designated the mobility.

Equation (4) can be re-written in terms of Eq. (2) as

———— s
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- (5)

In this expression the second term gives all the information about the interaction
between the electron and the particular gas molecule and the third term contains
the parameters available to the experimenter, i.e., the electron field and the

gas number density. Since the number density is proportional to the gas pressure,
the experimental quantity of major relevance is the ratio E/p.

Randomization of directions of velocity says nothing whatever about average
speeds of the particles. For this we turn to other considerations. Conservation
of momentum requires that the energy loss from an electron of mass m and kinetic
energy W in collision with a heavy particle of Mass M is given by

AW = W %" (1- eos ©) (6)



where 6 is the angle of deflection of the electron in the collision. If the
scattering is isotropic (as it closelv approximates at low energies) then the
energy loss in a collision averaged over angle is

AW = 2m oW o= AW _ ' (1)
M

where for convenience we let 2m/M = h,

We would expect a steady state ultimately to be achieved between the electron
energy picked up from the electric field between collisions and the energy transmitted
from the electron tc the heavy particles through the collisions. We proceed to
evaluate these separately. For simplicity we assume that the collision frequency
is independent of speed of the electrons.

Since the e ~ctric field acts only in the 2z direction, all the increase in.
kinetic energy of an electron will occur through increasing the z component of its
velocity which is given by

where v, is the value of vz immediately following the collision and t is the time
elapsed since the last collision and a = (q/m)E. The energy picked up will be

AW = (LE' SAZ = -ma,j\lzd‘t = 'ma,i Vo-;,t + iat"}' (9)

If we now average over all angles of direction of motion immediately following the
last collision' Voz >0 so that

AN = imal‘tl_

If we now average over all collision times, Eg. (10) becomes

— 2 (42
AW A = ;‘L‘m(l (t )M.
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_of statistics, Eq. (13) becomes

To find (t2)ay, we assume that collisicns are random events and the collision
frequency is independent of speed, We can then write that the probability of a
collision occurring in the interval t to t '+ dt following the precdding collision is

. - 4 : . L .
pt)dt = Z¢ td‘(‘-, : : | (12)

~

for which the average value of t2 is'2(2bwhereft-= 1/Z is the mean collision time.
Eq. (11) then becomes

= , (13)
Aww ma T

If we also average over all speeds of electrons and neglect some of the finer points

(3
<BW,> = ma dy ()

where A is the mean free path and ¢ is the mean speed of the electrons.

This quantity, in the steady state, will equal the right hend side of Eq. {(7)
averaged over all electrons.. If we let W Z im Ez ’

Z o 1 t L
- 2 : ' (15)

k‘ma m a
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Thus we would expect that the mean speed would be given by

cq’—“L@a’}; | . (16)

and the mean energy of the electrons in the steady state by

1 —zgr,t'm.zlc.'\[i EA, (17)



The remarkable aspect of this result comes on the insertion of numbers in
Eq. {(17). 1If for example, one has electrons moving through a gas with M ~ 30 AMU,
at pressures giving A ~ lmm (i.e, p £ 1 torr) then the mean energy in ev is around
25 times the field strength in volts/cm. With as little as a few tenths of v/cm
fields, mean electron energies are several ev, We can thus understamnd the appearance
of high electron "tempreatures" in gas discharges.

It is beyond the scope of this review to go further and question the distribution
of electrcn energies. It is sufficient to indicate that if one takes assumptions
similar to those made in this simplified argument and utilizes them in the Boltzmann
equation, one can obtain an approximate solution for the distribution of speeds. The
result is not the Maxwell-Boltzmann distribution, but rather that known as the
Druyvesteyn distribution whose dependence on speed is given by

_ 3kt
fode « e FAaf | (18)

This distribution function is similar in shape to the Maxwell-Boltzmann distribution
for a given mean speed, except that the most probable speed is slightly higher and the
high energy tail is diminished in the Druyvesteyn distribution. Nonetheless, the
distributions are sufficiently similar that one can, to good approximation, think of
the electrons as having a temperature in the Maxwellian sense which is much higher than
the neutral gas temperature; i.e. typically 30,000°K vs 300°K. It is this dichotomy of
temperatures which is perhaps the most striking of the non-equilibrium aspects of a gas
discharge. - :

. This general effect of collisions randemizing the direction of motion of electrons
which have picked up energy from the field between collisions has another important
manifestation. It is responsible for the operation of microwave electrodeless
discharges. If we consider an electron moving in an ac field which is of the form
E(t) = E_ cos wt, then Newton's law for the electron becomes, in the absence of
collisions, ‘

vel E,wsat ' S (19)
-~

which solves to give

€ . ,
Y = .%.: Suktot
)
€,
X ='—-.t_.2‘_ st |,
’ wm W
The rate of energy pickup from the field i.e. the power, P is given by

'E) = i}EE-V

e (20)

o ) LI |
1_& tss wt Sumwt = —';..'%'52 Swn Zlot, (2
m W wmw ;




which, it is noted can be negative as well as positive. If ve consider the total
pover pickup over a complete cycle, the sine-cosine product integrates to zero,
indicating that there is no net transferral of energy from the electric field to
the electron, This is of course a result of the fact that the applied field and
the electron velocity are 90° out of phase.

Furthermore, we can note from (20) that the maximum electron velocity will be
aLg/mw and the maximum kinetic energy will be

( I.E 2 |
vlyna¢ = EJ %:CZj;L_ . ‘ ’ (22)

It is noted that if one has a field oscillating at say 109 cps and a maximum field
strength of say 300 volts/cm, equation (22) indicates that the maximum kinetic energy
of the freely oscillating electron will be only about 2 ev, This is insufficient
energy to ionize gases, and yet breakdown will occur for this type of field.

It is collisions of the type which lead to the Druyvestryn distribution which
are responsible for ionization. An electron will be accelerated by the field during
a portion of its cvcle and then be deflected in a collision. The energy parallel
to the electric field is thus converted to energy perpendicular to the field.
The field then proceeds
to give the electron additional energy in the direction of the field. Energy is

pumped from kinetic energy of motion parallel to the field to kinetic energy in all
directions.

If we write Newton's law for an electron, adding a collision term, we are left
with Eq. (3), except now, E is time-dependent. Writing E = E5 cos wt

d<vy . .ﬁE“ s wt — (EPLV2), (23)
dt wm ‘ ' -

The power delivered to an electron by the field, averaged over a cycle, is

1~ T
o = l E° é.z—i"‘
P 2 L—F«.‘ CEYewd” (24)

This equation shows directly the role of collisions of electrons in conversion of
electrical energy to energy of the gas. -



Again if this power gain is equated to the loss of energy ofielectrons in
elastic collisions with the gas molecules, as would occur in the steady state, then i

Lo z' l T ( ) . \'
Lt hEr> .S,-E° ___12_‘__2'____ ' ! (25)
2 wn () +a& \

- T ' :
or since (E)T = A : : \
v 2 L

LoEl A& (14 20" _ Dw (26)
2 N_/T N :

vhere a = —=,
) m
From (26) one would expect the electron "temnerature" for fixed E, to diminish
with increasing frequency, but for pressures of the order of one torr and gas messes
of around 30 AMU the electron temperature will remein near the dc value for frequencies
usually employed for gas discharge work.

B. Elastic Collisions, and Diffusion

Since in either dc or ac discharges, the electrons will have high temperatures,
one can expect that all the manifestations of a kinetic temperature will be present.
Particularly important among these is diffusion through elastic collisions. If only .
electrons are present in a neutral gas they will tend to diffuse as would any other
gaseous component with a current density

- -»
se = n <.v‘> 2 =Dy UM o & (27)

vhere n, is the number density of the electrons and D, is the diffusion coefficient of
‘the electrons through the gas. If a field is also superposed the current density \
will contain a mobility term as well so that ‘

Se = = De V1, =M K | NEN

N . . “

. {
where the minus sign in the second term indicates that because of the negative charge (*]
on the electrons, their motion will try to be in the direetion opposite to that of ‘
the applied field, upe is taken to be a positive number. Whether the electron motion ,,
is diffusion-dominated or field dominated depends on whether the first term is larger i

: | ]
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than or smaller than the second.

In a gas discharge, the electrons will have produced ions and ithese also will
tend to diffuse through the neutral gas as well as respond to any electric fields.
The current density of ions will be given therefore by a similar equation

— —

S, =-D, Iy + n,/L,E. | (29)

From Eq. (4) the mobility of either type of particle is At = | (W\-(Z»
and from kinetic theory, the diffusion coefficient is given by D = "&T/(w (3Y).
Since both these parameters have the mass appearing in the denominator the electron
will diffuse and respond to an electric field much more rapidly than will the heavy ions.

The case of major interest for discharge physics is that where the number density
of ions is very nearly equal to that of the electrons. Clearly because the electron
mass is very light these will try to diffuse away from the ions, However, as soon as

-they do this, an electric field is set up between the electrons and ions so that the
electrons. are held back by the ions and the ions are dragged along by the electrons.
Ve would‘thus expect that the current fluxes Se and S, would be equal.

If we set Se =S4 =8, and ny, = ny = n, to indicate an electrically neutral
plasma, Eqs. (28) and (29)»can be combined to eliminate the electric field with the
result that ' ’

S:_'Dq-v-y[_ . (30)

where 24.’ + D__g_
z My M (31)
AIZL 3 4
M+ Me . » .

Since ?j - E_-__E . and D_e H 'il—g'

Ar T \gal Pe el
and L > i3 - = we can write

e \%gt |z+| e

o = %* (T+*Te) : (32)

‘Va?,K‘_E('*%):D*('*- E) (33)
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If the electron temperature is equal to the ion temperature, as in the case of
late in an afterglow, the ambipolar diffusion coefficient is Jjust twice the value
of D, In the active discharge, however, as we have seen T_will be large, perhaps
of the order of 30,000°K. On the other hand the lon temperature will deviate little
from thé neutral gas temperature, The reason is that the ion mass is comparable
~ to the mass of the neutral molecules; thus by arguments similar to those leading
to Eq. {7) the ion will in a single collision be able very effectively to give to
the neutral gas the energy it picks up from the field between collisions. The
. temperature of the ions will therefore remain very close to the neutral gas tempera-
ture. The ratio Te/Ty will be of the order of 100 typically in an active discharge
and rapid d1ffus1on of the plasma through the neutral.gas and to the walls of the
container will result.

Summary of the Remainder of the Paper

C. Electron production and loss mechanisms aré discussed and the plasma
balance equation is formulated.

D. Ekéitation to radiating and metastable states is summarized and some of
their consequences for the operation of a discharge are presented.

E. Wall phenomena. ' . A
I11. Macroscopic phenomena.

A. Plasma polarization and the Debye length are discussed.

~B.. Characteristics of certain types of discharges are reviewed; Glow Discharges,

Arc Discharges and rf discharges.

IV. Afterglows. The effects of suddenly reducing the electron temperature are
briefly reviewed.

P
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THE PRODUCTION OF ATOMS AND SIMPLL RADICALS IX GLOW DISCHARGLS

*
Frederick Kaufman

Department of Chemistry, University of Pittsburgh

I. INTRODUCTION ‘

The size and topical variety of this symposium clearly show that electrical
discharges are finding increasing application in many areas of chemistry ranging
from the production of simple atomic species such as W, 0, or i from their diatomic
molecules to the synthesis or specific decomposition of complex organic or inorganic
compounds. It is unfortunately true that our understanding of the chemistryv of dis-
charge processes is still in a rudimentary state, that the field is more an art than
a science, and thus represents one of the last frontiers of chemistry.

There is good reason for this unsatisfactory state of affairs. Glow dischar-
ges are complex phenomena in which gases at sub-atmospheric pressure are undergoing
excitation and ionization by clectron impact and so give rise to highly unequili-
brated steady-state conditions where the effective temperature of frec electrons is
typically tens of thousands °K, that of electronically or vibrationally excited
states may be thousands of °K, whereas tiue translational and rotational temperature
will only be tens to hundreds of °K above ambient. It should be clear, of course,
that apart from the processes occurring at the electrodes, energy from the electric
field is coupled to the gas almost entirely through the kinetic enerpy of free
electrons which, due to their small mass, acquire energy more rapidly from the field
and lose it more slowly in elastic collisions (the mean fractional energy loss per
elastic collision equals 2 m/M in the simplest clasical model where m and M are the
masscs of the electron and of the molecule). In this manner, electroms become suf-
ficiently cnergetic to ionize some of the neutral species and thereby balance their
continuous loss by diffusion, attachment, and recombinatiom. As the ionization
potentials of most neutral gases are in the 10 to 20 ev range (230 to 460 kcal/mole),
an appreciable fraction of the electrons has enough energy to produce electronic
excitation (responsible for the emitted glow) and dissociation.

In the following sections, tlie mechanism of d¢ and ac glow discharges will be
briefly described, with emphasis on high frequency electrodeless discharges (f = 106
to 10!'% sec™)) and on the simple geometry often encountered in rapidly pumped steady-
state flow systems at pressures near 1 torr. After a brief discussion of the rates
and energy dependence of specific collision and diffusion processes, available ex-
perimental data will be brought to bear on the problem of Hj, N, and 0, dissociation
and on the chemistry of some more complicated systems.

Although there are several fine monographs available on electron impact phe-
nomena and discharge physicsl'“, they contain relatively little information on active
high frequency discharges which is pertinent to the problem of dissociation and chem-
ical reaction. The electron physics of microwave discharges is discussed in some
review articles.’s®

II. BASIC PHYSICAL PROCESSES
I1. 1. General Mechanism and Frequency Dependence.

Glow discharges are typically observed in the pressure range of about 0.1 to
10 torr. .At much lower pressures, the electron mean free path is too long for gas

collisions to be important, electrons pick up large amounts of energy from the dc or
slow ac field and bombard the anode or the tube wall which may then fluoresce. At

* This work was supported by the National Science Foundation
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much higher pressures, the mean free path is very short, the breakdown field strength
is very high, and when it is exceeded, local, highly ionized, but narrow pathways are
created for the conduction of current, i.e. spark filaments are formed. The normal

dc glow discharge in a long cylindrical tube is characterized by many axially distinct

but radially fairly uniform regions of quite different optical and electrical proper-
ties such as the Aston Dark Space, Cathode Glow, Cathode Dark Space, Negative Glow,
Faraday Dark Space, Positive Column, Anode Glow, and Anode Dark Space, in this order,
between cathode and anode. The reason for this complexity is that quite different
processes occur in the different regions as is also-shown by a very non-uniform
voltage rise between cathode and anode. Most of the potential difference is taken
up in the 'cathode fall' which comprises the first four regions enumerated above, is -
dependent on the cathode material as well as on the nature of the gas and on the
natural variable E/N (V cm?/molecules) where E is the field strength (V/cm) and N the
total neutral density (molecules/cma). The latter is a measure of the electron
energy under conditions of steady-state drift. Equating energy loss and gain per
electron per second, Zn E% = eEw, where ¢ = % m92 is the electron energy, & the mean
free path for electron-neutral collisions, e the electromic char7e, and w t?e
electron drift velocity which equals 2 eEL one obtains € = cEM = gL_eMl 2

y : eq 3 me Em7?Z = N 2meZ(3m V2
where & was replaced by 1 1/leozl;l)from simple kinetic theory. The 'cathode fall'
and 'anode fall' regions also have large gradients of electron and ion concentrations
and a local imbalance of electrical charge. The positive column is simpler in nature
(although striated positive columns are still poorly understood), has a small and
constant axial voltage drop, and only a small imbalance of charge carriers, because,
although electrons initially diffuse to the tube wall faster than ions, the resul-
tant radial field prevents further charge separation and forces electrons and ions to
diffuse equally fast. This process is called ambipolar diffusion and is further
discussed below. The voltage drop along the positive column is also independent of
the total current over a fairly wide range, and since the current, i, is carried
mostly by the electrons whose drift velocity is about 100 times larger than that of

_ 2
the -ions, 1 = n, ew = %- S;%& n_, which shows that the electron concentration, ne,

increases linearly with increasing current because E and V are constant. In its
normal range of electron (and ion) concentrations of 108 to 10!! em™3, the positive
column of a dc glow discharge is diffusion-controlled and serves as the electrical

connection between the cathode and anode regions.

In high frequency electrodeless discharges the complications of the cathode
and anode regions are absent, the entire plasma is approximately neutral and
diffusion-controlled, and the discharge of ten resembles the positive column of an
equivalent dc discharge. ' Yet, there are differences in its fundamental mechanism,
especially at microwave frequencies. Free electrons oscillating in an altermating
field can not derive power from the field on the average, because their motion is
90° out of phase with the field. They therefore acquire energy only because col-

lisions with neutral molecules change their phase relationship with the field, while

at the same time representing a small fractional loss of the energy gained. Under
the assumption that the ac frequency, f, is greater than the elastic collision fre-
quency, v, the maximum displacement, x, of an electron due to the high frequency

field is given by x = %ﬁ% where w = 2Mf., In an active microwave discharge E is

typically 30 V/cm and x is therefore less than 10-3 cm when £ = 2.5 x 10° sec™} (as

in the widely used Raytheon Microtherm Generator). The corresponding maximum elec-

tron energy acquired during the cycle is eEx, about 0.02 ev, i.e. the electrons

slowly accummulate the energy necessary to undergo inelastic, ionizing collisions

and to sustain the discharge, When elastic collisions are approximately accounted
’ . 2

for, it is convenient to define an effective field strength, E, = E (;2%;1:2)1/2,

where Eo is the rms value of the applied field . strength. The power gained from the
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field per electron is and per collision thereforc——:f}-.
; m

I1. 2. Diffusion of Charged Species.

In the discharges of interest here, tie concentratiou of charged species is
greater than 108 cm~3 and a large fractional separation of electrong aud positive icns
becomes impossible, because it would set up a very large opposing field.

The currents
of electrons and ions reaching the wall must then be equal, i =

-~ DVn - nu E'
e e

i+ = -~ D+Vn + nu+E' where n = n, =m0, is the electron density, Yn the density gradient,

D the diffusion coefficient, v the mobility, and E' the field due to the (small) space
charge. The subscripts e and + refer to electron and positive ion. FEquating ie and
i+ and eliminating L' one obtains
Du, + Dy
+ + :
R T n = b Vn

+
by Tl

which sg;ves as the definition of the ambipolar diffusion cocfficient, Da_ Substitu-
ting e for De and the equivaleunt expression for D+ onc obtains

o

e + k
b, Tty 5 (Te + T+)
e +
. MK ‘e
which approximately equals - (Te + T+) or D+(l + T_) because the electron mobility

+
vos is nucli larger than the ionic mobility M- In active glow discharges Te/T+ is

typically 20 to 100, whereas in the afterglow the electrons thermalize rapidly and

Te/T+-= 1. Thus, Da N 20 to 100 D+ in the active discharge, and 2 D+ in the afterglow.

The disappearance of charged species by ambipolar diffusion in the absence of
Sn )
a source term is described by the diffusion equation 3 = Uavzn where n is a function

of r, 8, z, and t. The well-known solution of this equation for the case of an infinite

cylinder is n(r,t) = T A @&'5—) e™®i® uhere a, is the i th root of J , the Bessel
X i“o r 1 o
i=1 o
a5 Da .

function of zero order and ki = (;—0 Da =%z - The diffusion length, A, therefore

r o
equals Eg . The first few zeroes of Jo are o] = 2.405, a; = 5.520, a3z = B.654,

i
ay = 11,792 which shows that, as diffusion proceeds, the time decay will be increasingly

governed by k) = (2iﬁ22) 2 D> the first (lowest) diffusion mode, because the next three
(o]

higher modes are damped out more rapidly by factors of 5.3, 12.9, and 24, After a

short transient, the diffusion-controlled electron decay or the diffusion controlled

loss under steady-state conditions with a spatially well distributed source term can

therefore be closely approximated by a first~order rate constant, k = 5.78 Da/roz.

Thié analysis applies when there are only positive ions and electrons present.
When negative ions are also present, their principal effect is to accelerate the
ambipolar diffusion of the electrons, (Da)e’ which now becomes approximately
. : T T
(Da)e = (1 + X)) D (1 + Ef) + X (Tf- ~ 1) which for active discharges (Te/T+ >> 1)
can be further approkimated by (1 + 2 A) Te/T+’ where A Q.n_/n , the concentration
ratio of negative ions and electrons. It can be seen that for X >>1 electrons
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will be lost much more rapidly be diffusion to the wall than in the absence of ’
negative ions.

II. 3. Electron-Ion and Ion-Ion Recombination. o !
Although several radiative, two-body, and three-body recombination mechanisms

exist, only the fastest onmes will be mentioned here. These are the dissoclative re-
combinatlon of electrons and positive molecular ions as exempllfied by

“a

NO + e+ N+ 0 (where the products are likely to be electronically excited), similar

ion-ion reactions such as I2 + I\ - 12 + I or 3I, NO + NO2 + neutral products, and

. + -
three-body ion-ion recombinations such as NO + NO2 + M + neutral products,

All of these processes have very large rate constants, due to the long range
coulombic attraction between reactants, if reasonable paths are available for the
dissipation of the large exothermic reaction energy (v 10 ev) such as dissociation
and electronic excitation. The first of these three processes has been studied in

—

-7 3 -1 -1

greatest detall, especially by Biondi and coworkers7’8 who found a value of i
2.9 4 0.3 x 10 ° cm” molecule " sec - for the rate constant of N2+ +e+N+N, for |

example. " The generally observed range of 1 to 5 x 1007 (6 x 1013 to 3 x 10% 1it q

mole~! sec‘l) means that at an electron and ion concentration 10!! cm'3, which is near!
the upper limit of charged particle densities encountered in glow discharges, the

é

effective .first order rate constant for electron removal under steady-state conditions,
will be 1 to 5 x 10% sec™l. !

4

Two~body ion-ion recombinations have rate constants in the same general range,:
although few have been studied in detail, none ‘with precise analysis of reactants and '
products. Some three-body ion-ion recombinations have recently been studied by Mahan :

and coworkerég’?o who found effective termolecular rate constants in the range
. + -
4 x 1u=26 to 3 x 10-25 cm® molecule™? sec! for NO' + NO; + M near 300°K. With an

approximate T‘5/2 dependence, and at a total pressure of 1 torr, such processes
would have effective first-order rate constants of ion removal in the 10 to 100 sec™!
range, too slow to be of importance.

II. 4. Electron Attachment and Detachment.
Only the fastest of the many possible processes need to be discussed here. d

Radiative attachment and photodetachment as well as three—body attachment processes
are unlikely to be of importance. Dissociative attachment reactions such as

e + 0 » o + 0 _have rate constants!! which rise from zero at an electron energy
threshold (b to 9 ev for the formation of O from 02,'N0 or CO) to a maximum of 10-¢

to 10-10 ¢n? molecule'l sec”! for electrons with 6 to 10 ev. For average electron

energies of 2 to 3 ev in an active discharge, the effective rate constant must there-
fore be lowered about 10 fold to a range of 10-! 12 ¢4 101!, Moreover, several associ
ative detachment reactions such as 0 + 0+ 0; +e, O+ N+ NO + e, 0.+ E2 -+ Hp0 +

have recently been found!? to be very rapid (k = 1 to 5 x 107 19 cm3 molecule” 1 gec™))
under thermal conditions near 300°K. This further reduces the likelihood that negati
ions are important species in rapidly pumped steady-state glow discharges of diatomic
gases. In this regard, active discharges probably differ markedly from their cor-
responding afterglows in which the electrons are rapidly cooled to ambient temperatur
and will then readily attach to form 0,~, NO~, CO3~, CO,”, and other negative ions :

even though the electron affinities are quite small,
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I1. 5. Charge-Transfer and Ion-Molecule Reactions.

Both positive and negative ion-molecule reactions have recently been studied
by a variety of experimental methods, and consistent values for many rate constants
have become available. Because of the strong ion~dipole or ion-induced dipole inter-
action, these reactions usually have little or no activation energy if they are exo~
thermic, and often have rate constants near 10”2 cm?® molecule~! sect!, in accord with

the simple thepry based on the polarizability of the neutral reactant.

Some excep-
tions such as 0,% + Np +

Not + NO which is at least 10° times slower are probably
due the large energy requirements for bond rearrangement which in the corresponding
neutral four-center reaction gives rise to a very large activation energy. Other un-
usually slow reactions such as 0% + N, - Not + w (k v 2 x 10~'2) are less easily

rationalized, particularly since k rises sharply when the reactant N, is vibrationally
excited.

From the magnitude of 10-!% to 1072 for many of the exothermic reactions it is
clear that the effective first-order rate constant for the transformation of an ionic
species by reaction with a major neutral constituent (P = 1 torr = 2 x 10'€ molecules
em~ 3 at the higher temperature of the discharge) is 2 x 108 to 2 x 107 sec‘l, i.e.
such reactions will go to completion in a small fraction of the residence time in even
the most rapidly pumped flow systems. Minor neutral constituents such as atomic
specles at 0.1 to 1 mole % will transform ionic species with rate constants of 103 to
105 sec‘l, still much faster than the rate of traversal through most discharges whose

‘average flow velocities are in the range 102 to 10 cm sec”! and whose lengths are 1
to 10 cm.

11. 6. Electron Impact Ionization.

As shown in section II. 2 above, the electron loss term by ambipolar diffusion
can be approximated by a first-order rate constant, k = 5.78 Da/roz, which for an
active discharge with Te/T+ ~ 50, by ~ 100 cm?/sec, and r, = 0.5 cm, makes

k ~ 1 x 105 sec™!. Although it is conceivable that chemi-ionization will occur in
which two electronically excited molecules with 5 to 10 ev energy react to produce
ionization, such processes will normally be of very minor importance. Even with a very
large chemilonization rate constant of 10710 cm3 molecule™! sec’l, a concentration of

5 x 101% em™3, 2 to 3 mole %, of such excited molecules would be required to balance
the diffusional loss. It thus seems likely that electron impact ionization is the
major source term for charged species in the discharge. Although this requires more
than the ionization potential of the atom or molecule, i.e. electron energies in ex-
cess of about 15 ev, the large electron velocity and its very high average temperature,
Te’ can easily provide the required magnitude of the rate constant.

The ionization cross section of most atoms and simple molecules rises sharply
from zero at the ionization potential and comes to a broad maximum of about 1 to 5 x
1016 c¢m?/molecule at electron energies of 70 to 120 ev. It normally reaches a value
of 1 x 1077 about 2 to 4 ev above its ionization potential, i.e. at electron energies
of 12 to 17 ev. For average electron energies of 2 to 3 ev in active glow discharges,
this lends to total effective ionization rate constants of 107!! to 10719 em? molecule™!
sec”! 1f a Maxwell distribution is assumed. A somewhat lower range would be obtained
for a Druyvesteyn distribution, but since the ratio €/% of required to average energy

is never very large the error due to the assumption of a Maxwell distribution should
be fairly small.

An important, though infrequently applicable ionization mechanism is the direct
ionization by collision with sufficiently energetic, metastable neutral species. This
process, called Penning ionization, can occur only if the excitation energy of the
metastable exceeds the lonization potential of the other reactant. For He, Ne, and Ar
the excitation energy of the lowest triplet state is 19.80, 16.62, and 11.55 ev re-

spectively, and since the rate constants for Penning reactions are oftem gas kinetic,
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i.e. near 10710 ¢m3 molecule~! sec™!, this process is likely to be the major ionization

source in diatomic gases mixed with excess He or Ne but not with Ar.

II. 7. Excitation and Dissociation

- SN L

Molecules can have internal energy in the form of rotation, vibration, or elec-
tronic excitation, and they can therefore undergo inelastic collisions with electrons
which leave the molecule in one of its many excited states. For the purpose of thisg
review, rotational excitation need not be considered, because rotational energles are
small, and the collisional exchange of translational and rotational erdergy is so rapid
that rotational states are unlikely to be substantially out -of kinetic temperature
equilibrium. Vibration-translation .interchange, however, is very inefficient, especi- /
ally for strongly bound, homonuclear diatomic molecules, so that appreciable vibrational
-excitation can occur in glow discharges, and effective vibrational temperatures may be
established which arc intermediate between T and T . Electron impact excitation of
vibrational energy is a highly specific process whobBe cross section can differ by two
orders of magnitude from one molecule to another, because it depends on the existence of
virtual negative ion states which decay into vibrationally excited ground-state molecules
and slow electrons, This mechanism is garticularly important in Nz, CO, and CO2 which
have large cross sections (1 to 5 x 10~ J cmz/molecule, k=5x 10'§to 2 x 1078 cpd ¢
molecule™! sec™! at electron energies of about 2 to 5 ev), but less so in Hz and O, whose °
¢rogs sections are a factor of 10 to 50 smaller than those in N;. The high vibrational .
remperature, -T,,, of Nz in glow discharges is likely to be responsible for much of its
electronic excitation, because if T, approaches T,, the internal equilibration of wvibra-
tional states will produce appreciable concentrations of molecules with 5 to 8 ev of ‘
vibrational energy, consistent with some recent spectroscopic observations in active
nitrogen!3 as well as electronically excited molecules by the reverse process of the very
fast quenching reactions of the A3L state of N2 by N-atoms.

&

Electronically excited states can be formed directly by electron impact. When
the corresponding radiative transition is allowed, the excitation cross section rises to a
broad maximum and then slowly decreases, whereas for forbidden radiative transitions, the
cross "section is sharply peaked at the corresponding energy and falls off rapidly at higher
energies. Peak cross sections are often in the 107 7 to 10~1® cm?/molecule range which
) roughly corresponds to rate constants of 10711 to 107!1%m3 molecule~! sec™! for transitions
requiring 5 to 10 ev, assuming average electrons energies of 2 to 3 ev.

N

The principal mechanism for the direct dissociation of a molecule into neutral
fragments by electron impact must, of course, be the initial formation of an electronic
state with energy greater than D, the dissociation energy. This transition will take
place within the limitations set by the Franck-Condon principle. The ensuing dissociation
will normally come about in one of three principal ways: (a) the upper state is repulsive
and dissoclates upon its first pseudovibration, i.e. in about 107 !3sec; (b) the upper
state is bound,but the molecule is formed on the repulsive part of its potential energy
curve at a point above its dissoclation energy, and will therefore dissociate on its first
vibration, also in about 10-13 sec; (c) the upper state is bound, the molecule is formed
with less than the dissociation energy of that state, but there is another state of lower
dissociation energy with which the first state may interact. Near the crossing point of
the two potential energy curves, the states become mixed and there is a probability of
crossing and subsequent dissociation. Depending on the degree of mixing, this predissoci-
ation process may be very much slower than the first two. The overall cross section and
rate constant for dissociation will normally equal that of the primary excitation step, 4
i.e. there will be near unit probability for the subsequent dissoclation, because col-
lisional or radiative lifetimes of the excited states can not be shorter than about 107
to 108 seconds. '

© III. APPLICATION TO THE DISSOCIATION OF SOME DIATOMIC MOLECULES.

III. 1. Summary of Some Atom Production and Loss Processes
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In the following sections much evidence will be cited for catalytic effects
in ghe'production of atomic species such as U, N, or 0 in glow discharges of their
diatomic gases, ' The existence of such effects suggests large changes in the atom
production or loss terms upon small variations in gas composition. The principal
processes are therefore summarized in this section, and approximate ranges given for
their rates. A cylindrical discharge tube of 1 cm diameter, average electron con-
centration of 10! cn-3, and electron energy of 2 to 3 ev are assumed corresponding
to known conditions in microwave discharges at input power levels of' about 10 to 500
watt.

Production terms: (a) Llectron impact dissociation via excited states de-
pends on the existence of a dissociating or predissociating state at moderate excita-
tion energy and is therefore quite variable. When the dissociation energy is rela-
tively small, as in H and O, and when statcs are available at 8 to 10 ev excitation
threshold, an atom production rate of 10 to 100 torr/sec can be calculated. For Nj
whose dissociation energy is larger, the rate will be at least 10 times lower. It
should be clear that this process must occur in active discharges, since electron
impact ionization, which requires appreciably larger electron energies, is the princi-
pal source term for electron production. Therefore, since there are enough electrons
present with 15 to 20 ev energy to balance the rapid ambipolar diffusion (and recom-
bination) loss, there must be appreciably morc with' 8 to 12 ev for excitation-
dissociation.

(b) Electron-Ion recombination at the wall (following ambipolar diffusion)
or in the .gas phase will also produce atomic species in reactions such as
e + H2+ + 2 H, e + N2+ + N + N, etc., -1t is clear that the upper limit to this atom
production term is given by the total rate of ionization except for a possible factor
of two from the stoichiometry of the dissociation. But as this surface recombination
may also lead to the molecular product by the dissipation of energy to the surface,
the dissociation rate due to this process is likely to be lower than the corresponding
ionization or equivalent ambipolar diffusion term, i.e. < 0.5 to 5 Torr/sec. The gas-—
phase dissociative recombination will produce atoms at a rate of 0.1 to 0.3 Torr/sec
at an electron density of 101! em™3 and much more slowly at lower densities.

(c) Ion-molecule reactions of primary ions may in exceptional cases be suf-
ficiently exothermic to produce atomic species and ions of lower ionization potential
such as in Hp  + H; - H3+ + H, but the equivalent reactions for 0; and N; are endo-
thermic. When such a process is possible, its rate is again limited by the total rate
of ionization, but should closely approach it if the neutral molecule is a major species
as in the above ii; reaction.

(d) ©Neutral-neutral dissociation reactions may also occur, but little can be
said about them in general. As the kinetic temperature of all but the electrons is
fairly low (300 to 800°K, mostly near 6U0°K), two excited, metastable molecules would
have to react to transfer their excitation to a predissociating state. Few such re-
actions are known, and their rate constants are likely to have upper limits in the
10-12 o 10711 cm§ molecule™? sec‘lrange. If that were so, metastable mole fractions
as nhigh as 0.1% would only produce atoms at ratios of 0.02 to 0.2 Torr/sec. Such
states would also have to be optically metastable, i.c. have radiative lifetimes longer
than 0.0l sec, and be resistant to collisional quenching, i.e. have deactivation prob-
ability per collision lower than 10-"4.

Loss Terms: (a) .homogeneous gas~phase atom recombinations are three-body
processes with rate constants near 10~ 2 cm® molecule™! sec™! so that even for atom
mole fractions of 5%, such loss rates are near 0.0l torr/sec, negligibly small.

(b) Surface recombination is a well-known process, usually kinetically first

- ; _ XC . . .
order, and characterized by a rate constant, k = lg » for a cylindrical tube of diameter
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Here Y ig the recombination coefficient, the fraction of surface collisions leading
to recombination, and © is the average molecular velocity of the atomic species. Y
which is often as low as 10~ ° outside the discharge for a well-cleaned or suitable.
.poisoned surface, is likely to be 10-3 or larger in the active discharge. For v = 10'3,
atom loss rates of 2 to 10 torr/sec can be calculated, and for larger y, these rates
would be larger, but not proportionately so, because large radial concentration gradi-
ents would be produced and diffusion would become rate-controlling. Then, an effective
first order rate constant, k = D/A% = 5.8 D/r2, would be applicable, similar to ambi-
polar diffusion (Section II.2), but with the smaller, molecular diffusion coefficient,
For an atom mole fraction of 5%, the upper limit to the diffusional atom recombination
rate will be 100 to 300 torr/sec depending on the-atomic species. ’

(c) Ion-molecule reactions can remove atomic species if the ion is polyatomic
such as in N + N3+.» Ny + N2+ or the equivalent oxygen reaction. If the polyatomic ion
is a major ionic species, and the reaction is a fast one, its rate at 5% atom mole
fraction will be near 5 torr/sec. .It will then Re limited by the rate of regengtation
of the polyatomic ion. Reactions of the type O + N -+ Not + 0 or N2+ + 0+NO +N
are known to be fast, but as they replace one atomic species by another they need not
be considered here.

(d)  Neutral, bimolecular atom-molecule reactions such as N + 0, + NO + 0 or
O + Hy = OH + H often have appréciable activation energies. Moreover, they, too, only
shuffle atomic species and can not be considered loss terms. In the few applicable
cases where this does not hold as in O + N,0=+2 NO or N + N0 + N, + NO, the reactions
are known to be negligibly slow.

III. 2. Hydrogen Discharges

] The discussion of the electron collisional aspects of Hp, Nz, and O discharges
is greatly aided by the excellent papers by Phelps and coworkers in which elastic and
inelastic collision cross sections are obtained by numerical solution of the Boltzmann
transport equation and comparison with all available experimental data on electron
transport coefficients. For Hy and Dzlk, the vibrational excitation cross section
becomes appreciable (10-!7 cm?) at about 1 ev and peaks near 5 ev at 8 x 10717 cm2,

For dissociation, a threshold at 8.85 ev and peak of 4.5 x 10717 em? at 16 to 17 ev
was found to be consistent with the data. A recent measurement by Corriganl!® of.the o
dissociation cross section of H; 1s in good agreement with the above except for a
larger peak of about 9 x 107!7 cm? at 16.5 ev. For average electron energies, ¢ , of
3.0 and 2.0 ev, dissociation rate constants, k,, of 11 and 2 x 10~1%m3 molecules-!
sec~lcan be calculated by summation of Qvf(e) from € = o to =, using energy increments
of 2 or 3 ev, where Q is the appropriate cross gection. v the electron velocity, and
2 1/2 " e de '

e de

; €

(e /2 (Ck) * €k

is the Maxwell distribution function. . Such k,'s correspond to H-atom production rates .
of 200 or 40 torr/sec. An effective ionigation rate constant, k,, was similarly
found to be 7 x 10~11 (ek = 3ev) and 6 x 10712 (ek = 2 ev), corresponding to ionization
rates of 7 and 0.6 torr/sec, respectively. The latter should be approximately equal

to the ambipolar diffusion loss, 5.8/r°2 D+Te ne/Tg, which equals 9 or 6 torr/sec if

D, = 700' cm?/sec at 1 torr pressure. This crude calculation suggests that ¢ = 3 ev is
a better choice than 2.0 ev. It neglects the serious deviation from a Maxwe&l distri-
bution which is to be expected. :

More realistic estimates of kd and ky were obtained by Dr. Phelps by simul-

taneously adjusting E/N, €,» and using the appropriate rate coefficients to balance
ionization against diffusion losses. This led to values of Ek = 3.0 ev,

E/N = 1.1 x 107!5 vem?/molecule and k; = 7 x 10~}!, in surprising agreement with the

T~
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above. With that E/N, an estimate of kd can be obtained from ref. 14, Fig. 8 by mul-
tiplying the excitation coefficient (8 x 10'17 cm?/molecule) by the drift velocity
(1.5 x 107 cm/sec) which gives ky = 1.2 x 10-°, also in fortuitously good agreement
with 1.1 x 10-2 above. This excitation coefficient includes other, non-dissociating
processes, butgsince application of Corrigan's15 larger dissociation cross section
would increaqu otal excitation coefficient, its subsequent apportioning would not
lead to serious discrepancies.¥ .

Thus, a very large atom production term of about 200 torr/sec is indicated by
all available estimates. In addition, there is the source term due to electron-ion
recombination at the wall, and due to the fast reaction H2+ + Hp » H3+ + H. - Each of
these can at most equal the ionization rate, so that their sum will contribute 10 to
20 torr/sec of atomic hydrogen. All other source terms are negligible.

Surface recombination provides the only comparably large loss term in the
discharge. For small y, the first order rate constant, kg = y&/d = 2 x 105y, and the
steady-state atom concentration, (H]gg 1s approximately 1 x 10~3/y. This shows that
Y must alwasy be relatively large, and that the diffusion controlled
kg = 5.8 D/r =2 to 4 x 10% sec—! may be applicable which leads to an [H] g of 0.5
to 1 x 107 torr, less than 1% mole fraction. When vy is lowered to 10-2

[H]ss = 0.1 torr, and under either condition the halflife for its formatlon is very

short (3 x 1075 or 3 x 107 “sec).

One is thus led to the interesting conclusion that the dissociation yield of
such Hp discharges is mainly controlled by surface recombination and that the surface
in the discharge must be moderately to highly efficient for atom recombination. More-
over, the effect of small amounts of added gases such as H;0 or O, in increasing the
yield must-be through their influence on the surface efficiency, as they can not affect
the principal production term and as no homogeneous loss mechanisms of proper magnitude
are available., These conclusions are in general agreement with recent work by Goodyear
and Von Engel17 on radio frequency discharges at lower pressure and of different
geometry.

The very large body of experimental work on the '"catalytic" production of H
when small amounts of Hy0 or 0, are added will not be reviewed here. The effect is
unquestionably real, i.e. factors of 10 or so in H-atom yield when switching from
"dry" H, to Hp containing 0.1 to 0.3% Hp0 can be demonstrated routinely and reversibly.
Rony and Hanson!® have recently questioned the existence of such an effect at a pres—
sure of 0,075 torr and have reviewed the general subject. Our early experiments do
not bear this out, as they show a large catalytic effect for added Hy0, but they do
indicate that the effect is less pronounced at pressures below 0.1 torr. This trend
can be expected if the above analysis is correct, because at low pressures, the pro-
duction terms are decreased and the loss terms increased. Moreover, for a given
discharge energy input, the surface should be hotter at low pressure, and this may
nullify the deactivation which is probably due to adsorbed water molecules. Several of
the relevant experiments are now under way in our laboratory by Dr. D. A. Parkes, using
Lyman-a absorption for the down-stream measurement of [H].

III. 3. Oxygen Discharges

.Electron collision cross sections have been calculated by Hake and Phelps19
from all available experimental data on electron drift velocity and other transport
coefficients. The cross sections for vibrational excitation are much smaller than in
Hy; and that process can probably be neglected. Electronic excitation is described by

* It is Dr. Phelps's view that the high E/N portion of the enelastic collision frequency
and the corresponding cross sections will havée to be modified in view of recent work
by Fletcher and Haydon, Austral. J. Phys. 19, 615 (1966).



20

three processes with thresholds at 4.5, 8.0, and 9.7 ev. The latter two are larger

than the first, and should lead to dissociation, since the upper states have shallow
potential energy mimima at larger internuclear distances than the ground state. The
combined cross section for the 8.0 and 9.7 ev excitation shows a broad first peak of
1.1 x 10-16 em? at 12 to 15 ev, then drops slightly and rises again to a second peak
in the 50 to 100 ev range. With the assumption of an average electron energy, €, of
3.0 ev the effective dissociation rate constant, kg4, is about 2 x 1079 cn? molecule-!

sec™ .
. . |
The corresponding ionization rate constant, k,, was calculated to be
1.3 x 10719 cm? molecule~! sec™l. Fitting the 0, data in a similar way to Hp, Dr.
Phelps obtained E/N = 9§ x 10"16 ¥y cm2/molecule, e = 3.4 ev, kg =1x 10'9, and

k =1 x 10711 cp3 _mole(:ule"l sec’l, in fair agreement with the above except for the

smaller ky, but ky is strongly dependent on E/N near 10'15ch2/molecu1e, so that a
20%Z increase of E}N would lead to a tenfold increase of ki'

An O-atom production rate of about 200 torr/sec by dissociative electron
impact is thus indicated, and all other production terms are negligible by comparison.
Surface recombination of O-atoms is kinetically similar to that of H-atoms except for
a lower diffusion coefficient and molecular velocity by a factor of 3. Thus, the
effective first order surface recombination rate constant is 6 x 10* y sec”! for small
y and 5 x 103 sec”! for y approaching unity.

In pure 0;, as in Nj, there is another loss term which does not arise in Hj.
The polyatomic ions 03+ and 0k+ can react exothermically and rapidly via

0“+ + 0+ 03+ + 07, 03+ + 0+ 02+ + 0, to recombine O-atoms. To obtain an upper limit
for this loss rate one may assume that O, is a major iom, i.e. [0“+] = 1011 em .
and that it is therefore regenerated by the bimolecular reaction O, + 0, =+ O4*. The
latter assumption requires that.the lifetime of the unstabilized 0,1 collision complex
be equal to or longer than the collision time, 3 x 1077 sec, which seems excessively
long for such a simple species. At its (unreasonable) maximum estimate, such a chain
process may recombine O-atoms at twice the rate of 0¢ + 0~ 03+ + 0y, 1.e. with an
effective first order rate constant of 200 sec™! if both ion molecule reactions have
rate constants of 10~2 cm?® molecule™! sec™!. Even so, it would not seriously limit

O-atom production, since the corresponding [O]ss = 0.5 torr = 50% mole fraction. More-

over, Knewstubb, Dawson, and Tickner?® saw no 0h+ in their mass-spectrometric study
of dc 0, discharges at 0.4 torr, though the weakly bound ion could have dissociated in
the large electric field at the sampling orifice as Schmidt?! suggests for N¥ in his
mass-spectrometric study of nitrogen ions. The above mechanism does have the desirable
property that it is easily quenched by small amounts of added gases such as N or Hy
which are capable of transforming the oxygen ions into more stable ions such as No* or
E30+, but it is unlikely to be important here.

The process 0 + O + 0, + e is known to be_fast (k = 1.5 x 10719) and it should
. follow the dissociative attachment step e + 0, + O + O which has a threshold of 4.5 ev
and a low maximum near 7 ev. Insofar as O is formed mainly by this reaction and
removed by its reverse, and the concentrations of electrons and ions are very much
lower than those of neutral species, these steps leave [0] unchanged.

If the above large excitation-dissociation rates are approximately correct, the
O-atom yield, as the H-atom yield in the preceding section, is principally cont;olled
by surface recombination in the discharge. The smallest calculated [01'8s (y = 1) is
about 0.04 torr, 4% mole fraction, considerably larger than experimental values- for
pure O;. A possible explanation of this discrepancy may lie in the surface properties
immediately downstream from the discharge region. Active discharges have a sharp
boundary as shown by their light emission, because electron loss processes are very
fast. The corresponding transition of the surface from a region where y 1is near unity
to one where it is less than 10" 1s likely to be more gradual, and would provide a
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region in which large, highly localized surface loss terms could quickly reduce the
atom concentration.

Experimentally, large catalytic effects by s, NO, or li; in the production of
O-atoms in microwave discharges have been reported.?? Very pure oxygen nave only .64
) ?tom% (still lower yields of 0.3% were later obtained), but small additions (U.01 to
0.05%) of Ny, N0, or 1O produced U-atoms at the rate of 4u to 45 per added ¥, and
similar additions of Hz produced 160 to 200 O-atoms per added ilp. 1h terms of the
\ nresent interpretation, the larpe catalytic effect may be understandable for H; addi-
tions as due to H,0 wall effects, but less so for nitrogen compounds which should not
be strongly adsorbed at the surface. Conceivably, HO  or N02+, strony Lewis acids, may
{ be involved in poisoning the surface. Thus, our understanding of 0y discharges is still
in an unsatisfactory state. Further cxperiments are required in which particular
] attention should be given to the condition and characterization of the surface as well
.as to the immediatc downstream region.

NP

I11I. 4. ~Nitropen Discharges.

> The great complexity of "active nitrosen' is probably due to its larger cross
o sections for vibrational excitation and to the existence of metastable electronically
, excited states below the dissociation limit of ground-state Ny. Consequently, extensive

vibrational excitation persists for times much longer than those spent in the discharge

zone, and chemiionizatiou is observed in regions such as the plnk glow'" well downstream

of the discharge. The absence of the lowest triplet state, A, E+, in active nitrogen23

. containing 'N-atoms indicates that thesc excited molecules are very efficiently quenched

/ by N, and that vibrationally highly excited ground-state molecules arc the principal

' carriers of excitation to the downstream resioun. Engelhardt, Phelps, and Risk2" have
determined the relevant elastic and inelastic electron collision cross sections. Some

’ of the electronically excited states above the dissociation limit do not lead to pre-
dissociation, and therefore only the state with threshold energy of 14V was used in

/ the estimate of dissociation. Assuming an average electron energy, g, = 3 ev, and a

} maxwellian distribution, onc obtains an effective dissociation rate constant, kd’ of

3 x 10719 (60 torr/sec) and a corresponding ionization rate constant, of 6 x 10711,

ki’
The latter is larger (6 torr/sec) than the corresponding ambipolar diffusion loss term
(U.5 to 1 torr/sec). Tie more realistic calculation by Dr. Phelps which simultaneously
fits € E/X, and the known cross sections to make the amblpolar diffusion loss equal _

the ratc of ionization gave € = 2.2 ev, E/N = 1.2 x 10~ 1%y cm?/molecule, kg =3 x 10 Tl

(6 torr/sec), and ki = 3 x 10-12, Tuis dissociation rate is very much lower than that

of Hi, or 0, and properly reflects the difficulty of producing extensive dissociation of
Ny in glow discharges. No other source terms of comparable magnitude are available,

The principal loss processes include atom rccombination at the surface which can be set
equal to those of oxygen, because the moleculir velocities are similar. The catalytic
atom loss mechanism by Ny + N> n3+ + Ny, N3 + N -+ N2+ + Ny, and NZ + Np - Nq+ has
been suggested by Young et al 25 The binding energy of V3+ is about 0.5 ev?® but its
dircet, oimolecular formation is reported to be very slow It must be expected that
the association of such a simple complex will not be in its second~order (high pressure)
limit at 1 torr pressure, and the catalytic loss process then becomes inoperative, as

its rate is limited by a relatively slow three-body reaction. The balance of the main
production and loss terms here predicts a minimum [(Nlgg of O. 1% when y is near unity and
the recombination in the close post-discharge region is neglected. When y is sufficiently
small to make [N]SS about 20 to 50 times largér, the corresponding surface recombination
rate constant, kg, is relatively small (10U sec ~1y and the half lifec for attaining steady
state may become longer than the residence time so that dissociation becomes source-
controlled. This has becn observed in recent experiments in our laboratory where two
microwave discharges. in serics in rapidly pumped Ny at 7 torr produced approximately
twice tihe [n] of cach one operating alone. ’




Experimentally, there is abundantzgvidence for "catalytic" effects as summa-
rized by Young et al28 who studied the effectiveness of 0Oz, NO, and SFg added either
before or immediately after a microwave discharge in highly purified, flowing N,.

All three gases were "catalytic" when added before, but only NO after the discharge,
and SFg added before "produced" 230 N-atoms per SFg molecule. The ESR method employed

N

may glve erroneous results, however. 2% At the present writing, these effects, as the
similar ones in Hy; or Oy, can only be understood in terms of surface effects in the
discharge. In addition, long-lived vibrational excitation is probably responsible for
downstream ''pink glow'" chemiionization effects. The electron impact cross sections :
are largest for the production of ground-state N, with relatively little vibrational
excitation?? (V=1 to 4). If these states are extensively populated, the gas will
leave the discharge with vibrational energy corresponding to a temperature of 5,000
to 10,000°K, but in a non-equilibrium distribution, lacking its proper complement of

- nighly energetic molecules. These will be formed by vibration-vibration energy transfer
which may be relatively slow at the higher levels where the anharmonicity is large.

IV. DISCHARGE CHEMISTRY IN MORE COMPLICATED SYSTEMS.

Although this is the area of greatest interest to most chemists, the necessary k
fundamental information is mostly lacking. Data on some triatomic mmolecules such as
COz19 and H203l have been analyzed. Their active discharges will also contain diatomic
molecules such as CO, 0, OH, or li; as well as the free atoms. This means that reac-
tions between the various neutral species must also be considered. These may be much
slower than the electron impact processes and may require long residence times in the ‘
discharge to reach their steady state. The approach to full steady state may there- |
fore be characterized by several time.constants, very short ones for ionization and
direct excitation or dissociation, and various superimposed longer ones due to reac-
tions of neutral species requiring an energy of activation (e.g. hydrogen abstraction 1
from hydrocarbons which often has an t of 7 to 10 kcal/mole).

Glow discharges in water vapor are a good example of the chemical complexity of
simple polyatomic systems. Their chemistry was long misrepresented on the assumption
that dissociation to H and OH was the principal discharge reaction and that their re-
combination could be measured downstream., Space-resolved line absorption experiments
on Oll in a fast-flow steady-state system32 showed however, that negligible amounts of
OH were present a few milliseconds downstream of the discharge, but that a little OH
was produced further downstream by slow reactions such as H + G + M +H0, + M and H+HO,+20H
Thus the discharge 1is an excellent source of H-atoms, but the further excitation-
dissociation of OH is apparently so rapid that O-atoms are also formed, and the very
fast reaction 0 + O > O, + U accounts for the major discharge products which are
H-atoms and 0;. When the dissociation of OH in the discharge is insufficient to produce
the O-atoms needed in the above reaction, OH may leave the discharpe, but will react
rapidly by 2 Ol > Hy0 + O and OH + 0 > 0, + H for an overall stoichiometry of
3 OH -+ H0 + 0, + H. Should OH be extensively dissociated in the discharge as appears
to be the case at pressures below 0.l torr, O-atoms will persist, and the overall
discharge products will consist of varying amounts of H, O, and O, with H always in
great excess. It is clear from this discussion that the primary electron energy and
cross section data obtained from transport properties in pure H,0 are much less appli-
cable in determining principal discharge products and-their yields. The ionization
threshold and cross sections in 1,0 are very similar to those in O,. The excitation-—
dissociation cross sections have higher thresholds (12.0 and 12.6 ev), but rise more
sharply with increasing electron energy, so that one would expect the primary ioniza-
tion rate to be equal to that in O,, and the primary dissociation rate to be a little
lower if € is comparable. All ions will be extensively hydrated which should increase
the rate constants of many bimolecular ion-molecule reactions and make it possible for
association reactions to take place by simple two-body processes.

In conclusion, the varied aspects of glow discharge chemistry should be summa-
rized once more. In the case of moderately complex reactants, one should have knowledge
of many things in order to progress from a cookbook level to one of (partial) ;
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E understanding: (&) Electron impact ionization and dissociation rates of reactants

{ and other major species; (b) Surface recombination rates in the discharge: (c)

\ Ion-molecule reaction rates involving major neutral species; (d) neutral-neutral

) reaction rates and their temperature dependences in and out of the discharge. Much of
the necessggé’information for (a), (c¢), and (d) is becoming available for many systems.
The role of Surface, however, is little understood for electrically neutral reactants,

, even less so for charged species, and seems to be the present bottleneck.
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Ion-Molecule Reacfions in Electric Discharges
J. L. Franklin, P. K. Ghosh and Stanley Studniary

Rice University, Houston, Texas

Before the development of good vacuum equipment and techniques, mass spectrome-
trists observed many ions occurring at masses well above those of the molecules ad-
mitted to the instrument. These interferred with the main interests of the experi-
menters at that time, although in a few instances it was recognized that reactions
were occurring between primary ions and molecules, When good vacuum facilities be-
came available in the early 1930s they were adapted to mass spectrometry and for a
number of years every effort was made to maintain pressures well below 107" torr
in order to avoid collisions of primary ions with neutrals, However, in 1940, Mann,
Hustrulid and Tate (1), in studying water, observed an ion at mass 19, and by vary-

(1) . Mann, M,M., Hustrulid, A. and Tate, J. T., Phys, Rev., 58, 340 (1940) ‘

ing the pressure in their instrument, concluded that it was H30+, probably formed
by the reaction:

+ + .
Hy0' + H,0 5 H0 + OH _ ’

During the middle 50s, several groups of mass spectrometrists became curious as to
the results that would be observed if source pressures were raised sufficiently: to
allow a few collisions to occur between ions and molecules, Several ions occurring
at masses above those of the parent ion were observed. Because of this, a number
of systematic studies were made and increasing interest and emphasis on reactions
of ions with neutral molecules has developed, until at present some 50 to 100 papers
per year are published on this subject alome,

Perhaps one of the strongest reasons for the interest in ion-molecule reactions
is the fact that ions of unusual and unsuspected composition were observed, Most
faébinating‘of these has been CHg", which was completely unexpected, but which,
nevertheless, is now well established as a stable ion, This ion was first announced
by Tal'roze and Lyumbimova (2), but it was also reported shortly after the Russians

(2) Tal'roze, V, L. and Lyumbimova, A. K., Dokl, Akad., Nauk SSSR, 86, 909 (1952)

by several groups in this country (3,4,5,9).Studies of secondary ions from a large :
number of molecules followed,

(3) Field, F. H., Franklin, J. L, and Lampe, F, W,, J, Amer, Chem, Soc., 79, 2419
(1957) -

(4) Stevenson, D, P.and Schissler, D, O,, J, Chem, Phys,, 23, 1353 (1955)

(9) Schissler, D, 0. and Stevenson, D. P., J. Chem, Phys., 24, 926 (1956)

(5) Meisels, G. G., Hamill, W, H, and Williams, R, R,, Jr.;ji. Chem, Phys., gg, 790
(1956)

The earlier studies of secondary ions were largely limited to ions of masses ﬂ
greater than that of the parent ion, but subsequent studies have shown that many
secondaries of lower mass also occur, In most instances, the fact that the ion re-
sulted from collision rather than from impurities was demonstrated by varying the
pressure in the ion source, 1If the ion intensity increased as a second power of
the pressure, the ion clearly resulted from a collision,

Having established that an ion was indeed the result of a collision, it was
obviously of interest to ascertain the primary ion precursor of the secondary ion.
Two methods have usually been used for this purpose, The method most often used
was to measure the appearance potential of the secondary ion and compare it to
appearance potentials of various primary ions occurring in the system in questilom.
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Obviously, the secondary ion must have the same appearance potential as its precursor,
and where reasonable agreement of primary and secondary ion appearance potentials was
found the identities of reactant and product were established, In Some instances,; it
has been possible to reduce the electron energy to the point where only one or two
primary ions were present. Under these conditions, it is often possible by comparing
intensities of secondary ions with the disappearance of primaries to identify un-
equivocally the precursors of the various secondaries, Obviously, both of these
techniques suffer from certain difficulties. Where the primary ion spectrum is suffi-
ciently complicated, or where the appearance potentials of several prihary ions are
sufficiently close together, it is very difficult and often impossible to determine
the precursor of a secondary ion satisfactorily, Further, comparison of primary and
secondary appearance potentials usually serves to identify only the precursor of
lowest appearance potential, Possible precursors of higher appearance potential

are obscured and can only be detected by other means, Of course, it is also true
that one cannot always simplify the primary spectrum sufficiently by reducing the
electron energy to permit satisfactory identification of the precursor, As a result,
in recent years a few mass spectrometrists follbwing Lindholm (6) have employed a
primary mass sorter to select the primary ion which is then injected into the gas

(6) For a survey of Lindholm's work see E. Lindholm, "Ion-Molecule Reactions in the
Gas Phase," Advances in Chemistry Series 58, American Chemical Society, Wash-
ington, D, C., 1966, pl.

with which reaction is desired,

Mass spectrometer ion sources are quite small chemical reactors, It can easily
be shown that the reaction time of an ion in the source will normally be in the
order of a microsecond, and unless the pressure in the source is well over 100 torr
only a small fraction of the ions can undergo collision, It early became apparent
that where secondary ions were observed they must, in most instances, have rasulted
at almost every collision of ion and neutral., Further, in many instances, the
heats of formation of ions and neutrals were well established, and in all such
instances it was possible to show that the reactions were exothermic, Indeed, it
would be impossible under most circumstances to observe a reaction to form secondary
ions if the reaction were endothermic. Such endothermicity would appear as activa-
tion energy, which would greatly reduce the probability of reaction when the ion
and molecule collide, (Later on we mention certain conditions in which this rule
is violated, but under most circumstances it holds rigorously.) This rule is so
seldom violated that it can be used as a means of helping to eliminate possible
precursors of a secondary ion,

It was mentioned above that the secondary ions first observed occurred at masses
above those of the parent, However, there was always an expectation that ions of
lower mass might also be formed in collision reactions and as the pressure that
could be tolerated in the ion source was increased it became apparent that such was
indeed the case. For example, it was observed by Munson, Franklin and Field (7)

(7) M.S.B.Munson, J, L. Franklin and F. H, Field, J. Phys. Chem. 68, 3098 (1964)

that the C.H.T ion from ethane and the C,H_* ion from propane, both present in the
primary sp%cgrum increased with increasing pressure and indeed, in the case of
propane the C,H, 1ion increased from a very small proportion of the primary spectrum
until it représented some 70% of all the ions present. Many secondary ions of mass
less than the parent did not show such spectacular increases and other techniques
were sought to establish these, One method of especial interest was that due to
Cermak. (8). He employed electrons having energies too small to ionize in the

(8) V. Cermak and Z. Herman, Collection Czechoslov. Chem, Commun, 27, 406 (1§62)

ionization chamber, However, he employed a relatively high variable potential
between the ion chamber and the trap anode, so that the electrons were accelerated




26

in the anode region, Some of these ionized molecules present in that region and the
ions were repelled by the potential on the anode and drifted back into the ioniza-
tion chamber, These primary ions could not be themselves collected, but new. second-
ary ions could be unequivocally identified, Further, by varying the potential on
the anode, it was possible to obtain an appearance potential for the secondary ions
and from this to deduce the identity of its precursor,

A large number of reactions of ions with neutrals have now been identified and
" typical examples of the various classes of such bimolecular reactibns are given in
tables 1 through 7.

Table 1
Atom TransferiReactions
S ket o+ D, - KD’ + D (9)

xé+ + CH4 - XeH+ + c133 (10)
S _ ' N; +D, - N 4D (9,11
CH4 + CjH - CHg' + CjHo (12)

0,07 + nc,H ~ HD,0' +cu (13)

2 £ 410
' 2—>N0+N(11015)

+++

0+N
o +C0, > 0, *4+co (16)

o + CHy1 12 + Gy (17)

- (9) Schissler, D, O, and Stevenson, D, P,, J. Chem..__zg.,24 926 (1956)

(G ijld F. H., Franklin, J, L., J. Am, Chem, Soc. 83 4509 (1961)

(t1) Stevenson, D, P., J. Phys, Chem Chem 61 1453 (1957)

’(12) Frankevich, E, L. and Tal'roze, V L., Dokl, Akad, Nauk SSSR 119 1174 (1958)
(13) Lampe, F, W., Field F. H. and Franklin, J. L., J. Amer, Chem. Soc., 79 6132

- (1957)
(14) Potter, R, F,, J. Chem. Phys., 23, 2462 (1955)

(15) Fehsenfeld, F, C., Schmeltekopf, A, L, and Ferguson, E, E., Planet, Space Science

13, 219 (1965) .
(16) Fehsenfeld, F, C., Ferguson, E. E, and Schmeltekopf, A, L., J. Chem, Phys, 44,
3022 (1966)
(17) Pottie, R, F.,: Barker, R, and Hamill, W, H., Radiation Research 10 664 (1940)

Table 2 )

Positive Atomic Ion Transfer Reactions
02+ +H, o }120 +0 (18)
H,' + 0, —»HOZ + B (9,11)
Hrt + CH,I - CH,I t+w 9
+ X
Czﬂ6 +f D20 —)Hsz + CZH5 (20) »

0,+N N0 +0 (2D .
+

. -+ .
- _ 0,7 +CH, -CH,0" +0 (22)

(18) Hutchinson, D. A., Paper presented at American Chemical Society Heeti&g,v
Minneapolis Minnesota, September, 1955
(19) Pottie, R, F,, Barker, R, and Hamill, W, H,, Radiation Research 10, 664 (1959)
(20) Lampe, F, W,, Field, F. H. and Franklin, J. L., J. Amer, Chem, sE:'., 79, 6132
" (1957) =

(21) Goldan, P. D., Schmeltekopf, A. L., Fehsenfeld, F. C,, Schiff, H, I,, and
Ferguson, E. E., J. Chem, Phys, 44 4095 - (1966)
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(22)

Franklin, J, L
The Combustion Institut

., Munson,

27
M.S.B.,
e, 1965, p. 561

Tenth Symposium (International) on Combustion,

Table

3

Symmetrical Transfer Reactions

CH,0

+
H + HZ —

CH4 + CH4

H20+ + HO
nelt + mel

- C
— H
— H

2 ) -1

+
— NH

H, + H (23,

H+ + CH, (2,
5.7 s

3

2
392

4

3 + I -(28)

+ HCO2
NH2 (25,26,27)

24,11)
3,4,5)

O + OH (1)
C1 + H (9)
— CH,0 +

(22)

(23)
(28)
(25)
(26)
(27)

(28)

‘Eyring, H., Hirschfelder,

Stevenson, D, P,
Lampe, F, W,
Dorfman, L,
Derwish, G,

Chem, ths.

Hogness, T,

and Field,
M.

39,
R.

and Schissler,

and Noble,
A, W,, Galli,

J. 0. and Tay

P, C., J.

D, 0., J, Chem,
F. H., Tetrahedron 7,

Phxs,
A., Giardini-Guidoni,
1599 (1963)

and Harkness, R, W., Phys,

lor, 'H, S.,

Rev, 22;

Phys, 23,
189 (1959)
Chem, 63,
X?, and Volpi,

J. Chem, Phys. 4, 479 (1936)
1353 (1955)

980 (1959)
G. G., J.

784 (1928)

0

" Table 4

-

Ll

and HZ- Transfer Reactions

H6 + C H

+ C
5+ .
5,

K

Bl *

3
3
H CH

ONNN

(29)
(29)
(34)
(34)
(29)

6

7
7
4
3
6

1

+
Hg (29)

(29)

M.S.B.Munson, J, L. Franklin and F. H., Field, J. Phys. Chem, 68 3098 (1964)

Table 5
Some §eactions of Excited Ions
C2H6 + C.H + C H

o G
H + He HeH + H (30)

+ N (21,23,33)
* &0 (22,31)

> c2H (29)

5
e
NZ+c + N, - N3+
+%

O2 + O2 - 03

(30)
(31)
(32)
(33)
(34)

H. von Koch and L, Friedman, 115 (1963)

R. K. Curran,

J. Chem. phys, 38,
J. Chem, Phys. 38, 2974 (1963)
M.S.B.Munson, F. H, Field and J. L. Franklin, J.
M. Saporoschenko, Phys., Rev. 111, 1550 (1958)
Field, F., H. and Lampe, F. W., J. Amer. Chem, Soc., 80, 5587 (1958)

Chem, Phys. 37, 1790 (1962)

\):\\4\‘/_'\ T Y T Y




28

6

_ .Tabl«_a ¢
‘Charge Transfer Reactions , l
ot + 0, - 02+ + 0 (35) .
f; +0, - N, ++02+ (36) ,;
C,H, ‘+ CH, - CZH4+ + C,H, 37) !
Xe + CZHZ& — Czl-l4 + Xe (38) :
L C2H>+ + H2+ + Xe (38) |

At + c,H, E CZHZ: + H, + AT (38) d
Cz}{g + H+ Ar (38) _ f

ar’ 4 CH, - CHy +H+ Ar (5,39) : /
Fl+°C0 co'2 + F (40) ‘

L ¢t + 0+ F (40) )

F, C, Fehsenfeld, P, D, Goldan, A, L.

Schmeltekopf and E, E, Ferguson, Planet, !

(35)
Space Sci. 13, 579 (1965)
(36) F., C. Fehsenfeld, A. L, Schmeltekopf and E, E, Ferguson, Planet. Space Sci. 13,
919 -(1965) =
(37) F. H. Field, J. Am. Chem. Soc. 83, 1523 (1961) .
(38) J. L. Franklin and F, H, Field, J. Am, Chem. Soc. 83, 3555 (1961)
(39) G. G. Meisels, W, H, Hamill and R. R. Williams, Jr., J. Phys. Chem.' 61, 1456 l
(1957) :
(40) E. Lindholm, Arkiv Fysik 8, 433 (1954)
Table 7 :
- Complex Rearrangements q
+ + '
CH + CH‘& — C2H5+ + HZ (3;4:11)5’39) 1
C,H, " + C,H, E CyHy  + CHy (3,37,39) '
. . C4H7++ H - 1
CZH'2 + C2H2 E C4H2+ + H2 (42) i
. C4H3 + H ‘
+ i
_> Cs“7+_+ CyH (43) . ;
. C6H6+ + CZH6
C4H6 + C4H6 C6H7+ + CZHS
C6'1-l8+ + CZH4
, Clty + Cly
+ .
02 ++ CHA - .CH.30$ + H (22)
cH, + 0, - CH0" + OH (22)
xe' + CH, — XeCH,' +H (10)
AN,T + N, o AT+ N (32)
+ +
C3H7I +C3H7I - C6H1412 (44) 1
(44) Pottie, R, F. and Hamill, W. H., J. Phys. Chem, 63, 877 (195?) (
(42) Field, F. H., Franklin, J, L. and Lampe, F. W., J. Amer, Chem, Soc., 79, 2665y
(43) Barker, R., Williams, R, R., Jr. and Hamill, W, H., presented at meeting of

ASTM Committee E-14 on Mass Spectrometry, New Orleans, Louisisna,

Juné 2-6,1
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Tables 1-6 present examples of relatively simple reactions., However, reactions
involving quite profound changes in structure and bond reorganizations have been
observed by a number of investigators. Table 7 shows several of these, which are
given as typical examples. Certain of the reactions shown result in more than one
set of products, all of which apparently occur at the same appearance potential
and thus involve the same precursor, Of course, the intensities of the product
ions will, in most instances, not be the same, One would expect that reactions
of this kind would involve the formation of a relatively stable compiex, which
breaks up in ways dictated by the energy content of the complex. Unfortunately,
no quantitative treatment of the break up of the complex has yet been published,
so it is not now possible to predict the ratios of product ions where more than
one product arises from a single reactant, It has, however, been observed by Lampe,
et al, (41) that the ratios of secondary ions from a collision complex will often
be very similar to those of the same fragment ions in the primary mass spectrum

" of a compound having t&e same composition as the complex, Thus, they pointed out

that the ratio of C.H /CAH in the reaction of C H, with C,H, was about the
same as that observéed”in the mass spectra of the butenes, The ?iterature contains

(41) F. W. Lampe, J. L. Franklin and F, H, Field, "Progress in Reaction Kinetics,"
Vol, 1, Pergamon Press, New York, 1961, p., 69,

only a few examples of simple condensation reactions, This is not surprising in view
of the fact that every complex is formed with enough energy to break up in either
the forward or reverse direction, Since most complexes can break up very rapidly
they will generally do so in a time short compared to that required to collect the
ion, In a few instances such complexes have been observed to survive long enough
to be measured, One example of this is given in Table 7. It might be mentioned
that several apparently long lived complexes were observed by Field (37) in his
study of ethylene, but these in all cases turned out to depend upon the third or
higher power of the pressure, and thus were in fact complexes that had been
stabilized by collision or had resulted from the decomposition of a complex of
higher molecular weight,

Although the preceding discussion has largely been devoted to ions formed as
bimolecular reaction products, in the last few years, many examples of ions formed
with much higher pressure dependence have been observed, One of the earliest studies
carried out at such elevated pressures, i,e,, above 100 microns, was the study of
Field (37) of ion-molecule reactions in ethylene, 1In this study he observed ions
with pressure dependencies as high as about 6, although those exhibiting the highest
pressure dependence were of such low intensity that the nature of the reactions
involved could not be ascertained. Indeed, above about 3rd order the method of
appearance potentials becomes completely useless, and the identification of pre-
cursors to a given product becomes very tenuous indeed, To form ions at high pressures
in a region from which they can be collected it is usually necessary to employ
electrons of several hundred volts rather than the usual 60-70 volts employed in
most mass spectrometric problems. Indeed, because of this problem, Kebarle and
Hogg (45) have employed alpha particles of high energy to provide primary ionms.

(45) P. Kebarle and A, M. Hogg, J. Chem. Phys. 42, 668 (1965); 43, 449 (1965)

When ions are formed by high energy massive particles it is possible to operate
at much higher pressures and Kebarle (45), Wexler et al, (46) and others have

(46) S. Wexler, Assa Lifshitz and A, Guattrochi, "Ion-Molecule Reactions in the
Gas Phase," Adv, in Chem, Series, Amer, Chem, Soc., Washington, D, C. 1966

p. 193
studied the ions formed at pressures up to about one atmosphere. Naturally; they

have observed ions with a very high pressure dependence, although they have not been
able to establish the order of reaction, With such a system, Kebarle et al, (49,50)
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have observed ions having the general formula, H+(H%0) , with n varying from 1 to 7,

n

and Wexler, et al, (46) have observed polymer ions from acetylene having up to 12

carbon atoms,

Recently, studies have been carried out in mass spectrometry sources at pressures
up to several torr, Under these conditions, any primary ions formed will undergo
many collisions and will have ample opportunity to react if they are capable of
doing so. Field and Munson (47,48) have taken advantage of this to carry out some
.very interesting studies of reactions of higher order, $hey.observeﬂ that in very
pure methane, the principal secondary ions CHg and CZHS reached a plateau and re-

(47) M.S.B.Munson and F. H. Field, J. Am. Chem, Soc, 88, 2621 (1966)

- (48) F. K. Field, M. S. B, Munson and D, A, Becker, "Ion Molecule Reactions in
the Gas Phase," Adv, in Chem, Series, Amer, Chem, Soc,, Washington, D, C,
(1966), p. 167 N ) ‘

(49) P. Kebarle and A, M. Hogg, J, Chem, Phys. ég, 798 (1965)

(50) - A. M, Hogg and P, Kebarle, J, Chem, Phys. 43, 498 (1965)

mained constant with increases in pressure beyond about 0,5 torr, They observed
also that if there were any small amount of impurities in the methane the intensities
of these ions passed through a maximum around a few .10ths torr and then declined
steadily with further increases in pressure, The primary ions had very small prob-
ability of colliding with anything but methane and consequently the disappearance

of the secondaries must be due to their reaction with the impurities, since it is
demonstrated that they did not react with methane itself, It was a simple step
from this to the addition of small amounts of a variety of materials to the me thane
plasma, with results that proved extremely interesting, When, for example, small
amounts of long chain paraffin hydrocarbons, such as dodecane, were added to the
methane plasma, the spectrum of ions from the high molecular weight paraffin was
quite different from that obtained by electron impact. Such high molecular weight
paraffins give only small intensities of ions above about the C. range under
elegtron impact. However, in the methane plasma, ions of the géneral composition

C H2 formed at each carbon number from the parent down to C,. No doubt ions

of sﬂtiler mass are also formed, but these are not observable because of the inter-
ference from secondary -and ternary ions from methane, Further, the largest of thise
ions is the one corresponding to the parent molecules; i.e,, with dodecane,Cu}l25 .

Field and Munson have studied a number of compounds by this method, and in
‘'many instances have obtained profound changes in the mass spectrum, produced by
"Chemical Ionization," the term which they have given the processes, (47,48)
They have concluded that in the case of the methane the principal reactions are
probably as follows: ‘ ' '

+ N
Cis 4 CHonyg Oy + Hy + CHly
+ +
CZHS + Cnﬂzn+2-4 CZH4 + H2 + CnH2n+1

M

—)CZH6 + CnH

2o+l

Although the previous discussion has been devoted entirely to reactions of pos-
itive ions, negative ions are also known to undergo reactions on collision, Rel-
atively few of these reactions have been studied, however, largely 'because negstive
ions present some rather serious difficulties to the investigator, Someé reactions
of negative ions, however, have been carried out by Melton, Henglein and others,
and several typical reactions are given in table 9,
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Table 8
Some Ions Formed by Processes of Ordef Higher than 2
Reactant Ionic Préduct _' Reference
B0 H (0 (1 en<8) (49)
NH H+(N}:3)n (1J_r<n <5) (50)
CHy ’.CaH5+"-C3H7 ‘ (L
CH, Citg 5 Cylig G7)

(51) F. H. Field, J. L, Franklin and M.S.B.Munson, J. Am, Chem, Soc, 85, 3575 (1963)

Table 9

Negative Ion-Molecule Reactions

I+ I, o I+ 1(28)

2 2 3_
H +H,0 - OH +H, (52)
HCO, + N CN”~ 4 HNO,? (53)

2 2 2

5

0+ CH,I — 01~ + CH, (54)

CN _+ C,N, — CZNg + CN  (55)
0"+ NO, - NO,” + 0 (54)

(52) E. E. Muschlitz, J, Appl. Phys, 28, 1414 (1957)

(53) C. E. Melton and G, A, Ropp, J. Am, Chem, Soc. 80, 5573 (1958)
(54) A, Henglein and G.-A; Muccini, J., Chem, Phys, 31: 1426 (1959)

(55) C. E. Melton and P, S, Rudolph, J, Chem, Phys, 33, 1594 (1960)

Table 10
Chemi-Ionization

He* + He — He, + e (56,57)

2
He* + Ar —aHeAr+ + e (57)
Ack 4N, Arfz+.+ N, (32)
Nk + N, = N7+ e (32)
Hy* + H, — H,' +H+ e (58)
Co* + CO - czo;r +e (32)

(56) J. A. Hornbeck and J. P, Molnar, Phys. Rev. 84, 621 (1951)
(57) M.S.B. Munson, J. L. Franklin and F, H. Field, J. Phys. Chem, 67, 1541 (1963)

(58) D. J. Keenan and E, M, Clarke, Fourteenth Annual Conference on Mass Spectrometry,
Dallas, Texas, May 22-27, 1966, p. 42

Somewhat akin to ion-molecule reactions is a process first identified by Hornbeck
and Molnar (56) for the formation of the rare gas diatomic ions. Hornbeck and Molnar
observed diatomic ions of all the rare gases when the pressure in the ion source of
their mass spectrometer was raised sufficiently, The appearance potentials of the
diatomics. proved to be 0,7 to 1,5 eV below the ionization potentials of the.corres-
ponding atom, and hence the diatomic ions were not derived from atomic ions, As a
consequence, they proposed that excited atoms formed by electron impact reacted upon
collision with a neutral atom to form a molecular ion and eject an electron, thus:

Ar* + At —;Ar2+ + e,
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A number of investigators have subsequently studied this chemi-ionization reaction of®
the rare gas ions and have confirmed and extended Hornbeck and Molnar's observation,
It has now been observed that all of the rare gases react with each other to form
‘the hetero-nuclear diatomic ions (57), 1In additioh, a number of ionic compounds of
the rare gases with nitrogen, CO, 0,, methane, acetylene and others have been report-
ed, Chemi-ionization reactions are not necessarily limited to rare gases, however,
Chemi-ionization products of excited mercury atoms with a number of compounds have f
been observed (59) and nitrogen and CO are khown to undergo chemi-ionization with
their own ground state species, forming respectively N4 and CZOZ k32), !

(59) P, Cermak and Z. Herman, Tenth Annual Conference on Mass Spectrometry, New
Orleans, La,, 1962, p., 358,

e~

It is natural that when both reactants and products are readily measurable
qgnsideration should early be given to the pate of the reaction, With the reaction
A" +M-B + S, if M is much larger than A, the Eeactio rate is psuedo first order’
and the equation expressing the concentration of A’ and B 1is as follows: '

+ j

A+ - e-kMt (1) /
R .
o
+
oo gk (2)
4
A
o
At relatively low pressures, (a few microns), ) ‘
+
B
—2 - kMt (3)
NI

A plot of B+ against M-l will yield a straight line whose slope is kt. If a

AT +
continuous ion withdrawal is employed, the retention time in the source will be i
the time required for the primary ion to drift from the point of formation in the
electron beam to the exit slit under the influence of the repeller potential, The |
time is thus: : (2 nd 1/2 :

eE |
where E is the field strength, m is the mass of the ion, and d the distance from
the center of the electron beam to the ion exit slit, With the slope known, k can
be calculated and a large number of rate constants have been determined in this way.

Lampe, Franklin and Field (41) discussed this problém of rates of ion molecule
reactions at some length, and surveyed the known data at that time, A few typical
rate constants for second order jon-molecule reactions arejgiven in table 11, It
will be observed that many of.them are in the order of 10 ~ cc/molecule/sec. How-
ever 6 values as small as 10~ cc/molecule/sec have been reported for some reactions
The values in the néighborhood of 1077 cc/molecule/sec represent reactions that must
occur at essentially every collision in that they have cross sectionglgonsiderably i
larger than ordinary collision cross sections. The values around 10 represent
about the limit at which secondary ions can be measured with sufficient confidence
to justify calculation. "It is obvious that reactions of this kind occurring at i
relatively low pressures and in times of the order of a micro-second must be very
fast reactions, and in fact, so fast that the activation energy must be either 0
or very small, As was mentioned before, ion-molecule reactions to be observable 1
must not involve appreciable energy of activation., Stevenson and Schissler (4,11)
have confirmed this experimentally for a few reactions and the very fact that a
reaction is observed precludés this possibility, It should be mentioned, however,
that certain endo-thermic reactions can be forced to take place if the relative
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velocity‘offthe reacting partnirs is sufficiegtly great, Giese and Maier (60) have
shown that for the reaction Ar' + CO — Ar + C' + 0, which is endothermic by 6,62
for the 2p / sgate and 6.44 eV for the 2P state of Ar , the threshold for the

appearance o% C 1is: ( 1/2
: M, + M )
6,44 XM Ar  CO, or 15.65 ev.
co

Their measured values were in agreement with this relation, !

(60) C. F. Giese and W. B. Maier, J. Chem. Phys, 39, 197 (1963)

Table TI
Some Second-Order Rate Constants

Reaction lOlOk, cc/molecule sec Reference
p," + D, - Dy + D 14.5 _ 4,11
oi, "+ cH, - cHT + cny 10 61,62,63
Hy0 + H,0 - Hy0' + OH 12.7 1,2,13

+ + :
C223 + C,H, —>C3ES + CH, 14,5 9
02 + CH4<% CH30 + H 0.126 22
+

CH4 + 02-% CH30 + OH 0.257 22

(6l) V. L. Tal'roze and E. L. Frankevich, J. Phys. Chem, USSR 34, 1275 (1960)

(62) C. W. Hand and H, von Weyssenhoff, Can, J. Chem., 42, 1957_2385 (1964)

(63) J. L. Franklin, Y. Wada, P, Natalis and P. M. HiefT: J. Phys. Chem, 70,
2353 (1966) : -

All reaction rate studies have not been limited to extremely low pressures,

When the pressure in the ion source becomes sufficiently great the reactions follow
the psuedo first order rate laws over rather wide ranges of pressure, unless subse-
quent reactions interfere, Thus, Field et al, (51) found the disappearance of CH

in methane to obey first law kinetics over a pressure range of about 0,1 to 400 Torr.
However, as the pressure is raised, in certain systems, reactions of a higher order
do occur, Field, (37) studying ethylene, has reported some reactions having apparent
orders as high as about 6, These, of course, are not truly 6th order reactions, but
simply represent a succession of perhaps five secondary reactions which show depend-
ence upon the 6th power of the pressure, Rates of reactions of such high order do
not yield satisfactory rate constants, but it has been possible to determine rate
constants for reactions.of 3rd order, and Field and several others have made approx-
imate measurements of the rate constants for such third order processes., As is the
case with the second order processes, these reaction rates are relatively high, For
example, in ethyle.ne7 Field deteE?ineglseveraL third order rate constants to be

in the order of 107“/cc " molecule “sec .,

Although most of the measurements of rate constants in the literature were
obtained with the source operating in a continuous mode employing a variation in
pressure to establish the rate, some studies have been made in which retention time
in the source was varied, Such measurements were originally made by Tal'roze and
Frankevitch (61), but subsequent measurements have been made by Hand and von Weissen-
hoff (62) and Franklin, Natalis, Wada, and Hierl (63). In order to obtain a satis-
factory variation of time, a pulsed mode is -employed. 1In such an operation a pulse
of electrons is fired through the gas, After it is stopped, the resulting ions
can be retained in the source for a controlled period of time and then rapidly
extracted by a pulse of high energy, By varying the delay time, the time of retention
in the source is varied, and rate constants determined in the manner more usually
employed by chemists in rate studies, Results obtained in this way generally agree
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rather well with those obtained by the pressure method, although some differences
have been observed. One difference that may be of significance is that the ions inp
the pulsed mode will generally have approximately thermal energies, whereas those
reacting in the continuous mode will have variable energies, depending upon the point
of their reaction in travelling from the electron beam to the exit slit,

The question of the effect of ionic energy on reaction rate has been one of
considerable interest and the subject of a number of investigations, both theoretical
and experimentél. In their early work on ion-molecule reactions, %ranklin, Field and
Lampe (3) observed that when they varied the field strength in the ion source in
order to vary the retention time, the rate constants that they calculated for their
ion-molecule reactions varied considerably. 1In general, they seemed to drop as
the field strength increased, suggesting that the reaction rate constant decreased
with the relative velocity of ions and neutrals, Other investigators have made
similar observations. However, it appears that not all reactions show such reduction
in rate constants with increasing relative velocity, Attempts to explain this have
been made by a number of investigators, Field, Franklin and Lampe (3) attempted
to obtain the theoretical relations based upon a balance of polarization and
centrifugal forces, Gioumousis and Stevenson (64) derived a more precise expression

(64) Gioumousis, G, and Stevemnson, D, P., J. Chem, Phys., ﬁg, 294 (1958)
P, .Langevin, Ann, Chi 245 (1903)
for the collision rate based upon Langevin's(65)treatment for polarizable systems,
Gioumousis and Stevenson found the collision cross section to be:
- a 1/2
) S

- 2enm
g = —

Vi

where @ is the polarizability of the neutral, v. is the velocity of the ionm,
K is the reduced mass and e the charge on the eleCtron, Since

; 1/2
_ . 2E /
. v, =
. 1 .
1

6 will vary as E-I/Z,A Further, since k = ov

1/2
k = 2en(3) (5)

and thus is independent of velecity or energy. This, unfortunately, did not agree
with the observed rate behavior of a number of reactions, although it appears to
hold for some. 1In fact, Field, et al, (3) studied the effect of field strength upon
rate constant and found that for several reactions k decreased with increasing field
strength, Hamill and his associates (66,67) have shown that ion-molecule reactions
cannot be accurately treated as involving point particles, By considering the de-

(66) N. Boelrijk and W, H, Hamill, J. Am, Chem, Soc, 84, 730, (1962)
(67) D. A. Kubose and‘w. H, Hamill, J, Am, Chem, Soc, 85, 125 (1963)

formable neutral to exhibit a hard core to high energy collisions while being de-
formable in low energy collisions, these workers showed that for small ion energies
[+4 obez d the Gioumousis-Stevenson relation (equation 5), but for large energy

ok E which agrees with experimental results, Theard and Hamill (68) and Moran
and flamill (69) have extended their treatment to ion-molecule reactions involving

neutrals with permanent dipoles, They showed that at low relative velocities a

cross section for the ion-permanent dipole interaction, O = T
. D &y
Et
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must be added to the Langevin cross section. Here p is dipole moment and E_is the
translational energy of the reacting system in center of mass coordinates.

No attempt will be made here to review all of the studies of the effect of energy
upon the rates of ion-molecule reactions. However, several investigators who have
made especially important contributions should be mentioned, In addition to the
work of Hamill discussed above, important studies have been made by Futrell and
Abramson (70), Giese and Maier (71), Friedman (72,73) and Light and Horrocks(74).

(70)

J. H. Futrell and F. P, Abramson, '"Ion-Molecule Reactions in the Gas Phase,"
Adv. in Chem, Series 58, Amer, Chem, Soc., 1966, p. 107,

(71) C. F, Giese and W. B, Maier, J. Chem, Phys. 39, 197, 739 (1963)
(72) . T. F. Moran and L. Friedman, J. Chem., Phys, 39, 2491 (1963); 42, 2391 (1965)
(73) F. S, Klein and L. Friedman, J. Chem, Phys. &1, 1789 (1964)
(74) J. C. Light and J. Horrocks, Proc, Phys. Soé?igé, 527 (1964)
It should be pointed out that if the relative velocities of ions and neutrals

become sufficiently high other reactions begin to occur as a result of the different
forces coming into play. Thus a fast moving ion passing a molecule with sufficient

- velocity may simply strip off a peripheral atom, leaving the partially denuded en-

tity behind. Such stripping reactions have been studied by Henglein (75) and Koski
(76), who found that they obey quite different rules from those above, It thus

-(75) A, Henglein, "Ion Molecule Reactions in the Gas Phase,” Adv, in Chem, Series

58, Amer, Chem. Soc,, Washington, D. C,, p, 63
(76) M. A, Berta, B, Y. Ellis and W, S, Koski, ibid., p. 80

appears that a complete theory of the rates of ion-molecule reactions has not been
developed, but there is little doubt that to a first approximation the equation of
Gioumousis and Stevenson gives fairly good results, It is also true that the
reactions tend to be quite fast, and this becomes a matter of overriding importance
in many processes involving ions, Thus is has been shown by Lampe (77,78) and by
Futrell (79) that ion-molecule reactions are the controlling factor in certain

(77) F. W, Lampe, Radiation Research 10, 671 (1959)
(78) F. W. Lampe, J. Am, Chem, Soc,, 82, 1551 (1960)
(79) J. H, Futrell, J. Am. Chem., Soc. 81, 5921 (1959)

radiation Induced processes involving paraffin and olefin hydrocarbons.

An electric discharge of course involves ions and electrons and the ions present
can be sampled and analyzed by mass spectrometry. ‘Such studies have been undertaken
by a number of investigators and some progress is being made toward understanding
the chemical behavior of ions in various discharges, The problem is complicated by
the fact that there are several kinds of electric discharge, each of which has its
own physical and chemical characteristics, Of these, the type most often studied is
the direct current glow discharge, but corona and high frequency and micro-wave
discharges have also received some attention,

In order to analyze the ionic content of a discharge it is necessary to trans-
fer the ions from the discharge into the mass analyzer, While this is not a par-
ticularly serious problem at pressures below 10 microns, the difficulty becomes
more acute as the pressure increases, This is attributable to the fact that elec-
trons and ions diffuse to the walls at different rates, so that an electric gradient
is established which alters the distribution of energy of the various charged species,
Ordinarily a sheath of ions is formed at any surface, including that of a sampling
probe and ‘ions or electrons must have, or be given enough energy to pass through
this sheath in order to be sampled, However, if the energy is sufficiently high
some ions may be decomposed by collision, The result then is that there is often
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considerable undertainty as to the quantitative correspondence of the ion distribu-
tion reported by the mass spectrometer with the actual distribution in the discharge,
Further, while there is little doubt that the ions observed were actually present,
there is always some question as to the presence of ions that might be expected, but
that are not observed,

An added complication that must be taken into account, especially in glow dis-
- charges, is that different portions of the discharge have different characteristics,
Thus the negative glow and positive colummn have quite different ellectric fields, the
ions and electrons present have different energies and the distribution of ions in

‘the two regions is different, : .

In spite of these reservations, considerable information has been obtained
concerning the ions present in certain dischargesiand some understanding of the re- i
actions occurring is beginning to develop, :

In the glow discharge, the regions most studied have been the negative glow and
the positive column, Both are regions of nearly equal positive and negative ion
concentration, although the ion concentration in the negative glow is usually greater r
(often 10-100 times) than that in the positive column, Further, the electric field
in the negative glow is considerably greater than that of the positive column, through
which the ions drift with relatively small energies,

Discharges in the rare gases, of course, always contain atomic ions and, at
sufficiently high pressures, diatomic ions as well., This latter can be produced
by two possible reactions, typified by helium:

* +
He + He » He, + e (6).

2

: He+ + 2He - He +

;F o+ me ' 1)

Sincé the formation of He* is an excitation process it will occur over a relatively
small energy range with electrons of energy close to the ionization potential of He,
Thus, it would be expected to predominate in the positive column of a glow discharge,
This has been observed by Morris (80) and by Pahl (81,82),

(80) D. Morris, Proc, Phys, Soc, (London) A68, 11 (1955)
(81) M, Pahl and U. Weimer, Z, Naturforsch 13a, 753 (1958)
(82) M, Pahl, Z. Naturforsch, 1l4a, 239 (1959)

In order for reaction 7 to be observed relatively higgopreﬁsures are required,
The third order rate constant will probably not exceed 10 cc” /mplecule second
and the, timg of the ion in the plasma will probably not exceed 10 ~ seconds. Thus,
for He, /He to be approximately 0,1 by reaction 7 the pressure must be approximately
5 Torr, Thus the formation of the diatomic ion by the three-body process will
decrease very rapidly with decreasing pressures and will be negligible below 0,1 Torr,
Knewstubb and Tickner (83) have studied the ions of the rare gases in both the negative

(83) P. F. Knewstubb and A, W, Tickner, J. Chem, Phys. 36, 674, 684 (1962) ]

glow and the positive column of a dc glow discharge, They find the ratio Ar F/ar™
to be much less in the negative glow than in the positive column, and conclufe that
the diatomic ion is formed principally by the three body process in the negative
glow, but that the chemi-ionization reaction predominates in the positive column,
Similar considerations apply to the other rare gases,

a

% D -0
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In our laboratory a microwave discharge was generated in helium by a 100 watt
Raytheon microtherm generator and sampled through a pinhole leak at the apex of a
conical probe into a quadrupole mass filter. The intensity of the He 1ion dropped
exponentially in the range studied from a relative intensity of unity at 0,1 Torr
to about ,002 at 0.5 Torr. '

In the same pressure range He + increased in intensity from 0,002 at 0,1 Torr
to a broad maximum around 0,3 Torr and then declined rapidly at higher pressures.
If the He ' is formgﬂsby Ehe three-Eody process (equation 7) the rate constant would
have to bé about 10 cc”/molecule” /sec, which seems excessive, We conclude then
that the diatomic ion is probably formed principally by the chemi-ionization process.
(equation 6),

0f perhaps greater interest are the ionic processes occurring in more complex
gases, Thus, glow discharges in hydrogen (84,85) and in H,-D, mixtures (86) showed

2 "2
(84) C. J. Braesfield, Phys., Rev, 31, 52 (1928)
(85)" 0. Luhr, J. Chem. Phys. 3, 148 (1935)
(86) H. D, Beckey and H, Dreeskamp, Z, Naturforsch 9a, 735 (1954)

- ¥ F F . - . : X X
the formation of H or H - D mixtures, which increased in concentration with
pressure at the expense o% the giatomic ion, In an effort to interpret the behavior

of the discharge in hydrogen, Eyring, Hirschfelder and Taylor (87) considered the

(87) H. Eyring, J. O. Hirschfelder and H. S. Taylor, J. Chem, Phys,-4, 479 (1936)

e

3 to be:

reaction forming H

+ +
HZ +H2—>H3 + H (8)

They took the activation energy for the reaction to arise from the balance of cen-
trifugal forcé and polarization attraction acting in opposite directions, The result-
ing rate constant for the reaction is: 1/2

k=2Te
. H :
i.e., the same as equation 5, Subsequent studies of this reaction in a mass spec-

trometer ion source (4) have established this reaction beyond doubt, and have shown
that the reaction rate is given approximately by the above relation of Eyring, et al,
Recent studies by Ortenburger et al. (88) employing a high frequency discharge have

(88) 1I. B. Ortenburger, M, Hertzberg and R. A, Ogg, J. Chem, Phys, 22, 579 (1960)

shown that reaction 8 occurs under these conditions as well,

Studies of ions in the negative glow and Faraday dark space of a glow discharge
in water vapor at 0.4 Torr have been made by Knewstubb and Tickner (89). They

(89) P. F. Knewstubb and A, W, Tickner, J. Chem, Phys, 38, 464 (1963)

foupd the maximum ion intensity to occur in the negative glow., There was little
H.0 present, but a series of solvated protons was observed having the general com-
position H (H 0)n with n varying from one to five, Mass spectrometer studies have
established the reaction: (1,2,13)

H20+ + H20 - H3
and more recent studies have detected the more highly solvated species, (49,50) The
results of the discharge studies showed the first four water molecules to be more
strongly bonded to the proton than succeeding molecules and this has been substan-
tiated by the work of Kebarle (49,50) previously discussed, :

ots on (9)
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Similar studies have been made -of ions in a glow discharge in ammonia (90)

(90) P. H. Dawson and'A. W. Tickner, J, Chem, Phys, 40, 3745 (1964)

with similar results, The negative glow at 0.4 Torr was found to contain the ionsg
H (NH )n with n from 1 to,5, with NH being formed in highest concentration in the
negative glow, but with H (NH,) preéominating in the Faraday dark space, The
multiply solvated proton has also been observed in the ion source of a mass spec-
trometer at elevated pressure, (91, 92) |

(S1) A. M. Hogg and P. Kebarle, J. Chem. Phys. 43, 449 (1965)
"(92) A. M. Hogg, R. M, Haynes and P. Kebarle, J, Am. Chem. Soc. 88, 28 (1966)

Knewstubb (93) also mentions the observation of ions in a glow discharge in

(93) P. F. Knewstubb, '"Mass Spectrometry of Organic Ions," Academic Press, New
York, 1963, p. 284 -
methane in which the ions C_H_*" and CH_T predominated, and in which Some 40% of the
ions present contained thre& dor more carbon atoms, This is quite different from
the results obtained by Munson and Field (47, 48) for studies of methane at elevated
pressures, They found that with quite pure methane at pressures above about 1 Torr
the CH and C.H ions were present in the same ratio as CH and CH (the pre-
cursors). in thé primary mass spectrum of methane, and that ions having more than two
carbon atoms were present in only minor proportions, This suggests that the ions
of higher mass reported by Knewstubb (93) originated either from impurities in the
methane employed or, more probably, from molecules such as acetylene or ethylene
formed by the action of the discharge on methane, )

Nitrogen has been the subject of several investigations employing both mass
spectrometer ionization chambers and di5£harges for the production of ions. The

ions of greatest interest are N, and N4 . The mass spectrometer studies have shown
N;" to be formed by the reaction:
= ' %*
v N2++N2—»N3++N ‘
*
where N + implies an excited ion having an appearance potential of about 21-22 eV,
(31,32,%3) N4 has been found to result from the reaction: (94)
+ + '
11
.N2+2N2—)N4+N2 (11)

(94) G. Junk and H, J, Svec, J, Am, Chem, Soc, 80, 2908 (1958)

In addition, Munson et al, (32) showed that under certain conditions N4¥7is formed
by the chemi-ionization reaction:

* +
} N, + N - N, + e (12)
Both ions have been obsgerved in electric discharges in nitrogen. Luhr (95) and
Dreeskamp (96) found Ny, but it appeared to be formed only in the drift space

(95) 0. Luhr, Phys, Rev. 44, 459 (1933)
(96) H. Dreeskamp, 2. Naturforsch 12a, 876 (1958)

following the discharge. It was thought to result from the reaction

- + +
13
. N'+ 2N, - Nj° + N, _ (13)
Shahin (97) has reported N3 formed in a glow discharge at 0,3 Torr in nitrogen

(97) M. M, Shahin, "Ion-Molecule Reactions in Gases," Advances in Chemistry Series
No, 58, American Chemical Society, Washington, D. C,, 1966 p, 315
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as well as N +'in a corona discharge in a mixture of nitrogen and water vapor, The
relative intensity of N passed through a maximum at about 10 Torr, then slowly
declined at higher pressures, Shahin attributed the formation of the ion to the

) reaction:

5 ' ' Y en, o Nt (14)

$ 3 4

In the same system he observed H, 0 , H,0 , H 0; nd N’H+ ions, all apparently
"resulting, at least in part, from reacgion o N2 wit% water, :

In this laboratory nitrogen has been passed through a microwave discharge at
pressures of 0.0l to 0.3 Torr and the plasma sampled into a quadrupole mass filter
where the ions were separated and analyzed, N, was not observed at iny condition
studied, N, was formed in very small concentrations (about 1% of N, ) at 0,01
Torr, but increased rapidly in intensity, passing through a broad maximum at about
0.15 - 0.20 Torr, and then decreasing at higher pressures, 1In the same pressure
range the intensity of N, dropped precipitously from 90 to 1.5, and that of N
remained constant at about 9, all in arbitrary units, At the N maximum all of the
ions were of nearly equal intensity, A brief study of the variation of the inten-

Vsiiies of these ions with nominal power input at a pressure of 0,15 Torr showed

N, and N to decrease in intensity with decreasing power until the discharge was
extinguished at about 40% of maximum, These curves.were reminiscent of an ioniza-
tion efficiency curve, and strongly iuggest the average eléctron energy decreased
with decreasing power input. The N ion increased in intensity with decreasing
power input.up to a broad maximum bétween 75 and 65% of maximum power, after which
it again decreased. This suggests that an excited state is formed by electron
impact with electrons of broad energy spread, Such an energy spread has been found
in our studies, and will be reported separately. Further, we find that the electroms
possess an approximately Maxwell-Baltzmann distribution of energy, and that the
average energy decreases as the pressure increases, in accordance with our observa-
tion of the variation of N with pressure, This also accounts in part for the
decrease in N2 with pressure, :

The near cgnstancy of N+ with increasing pressure is difficult to understand,
The number of N ions formed by direct electron impact upop N, or N must be relative-
ly small and can hardly account for, the .intensity of the N observed, It is possible
that at the higher pressures most N is formed by the reaction:
LA

but this is, of course, speculative,

-~

WA -

h

2 (15)

The absence of N * is puzzling, since it has been observed in some discharges,
It is possible the ion is destroyed in passing through the sampling probe, This seems
unlikely, however, since N,” is held together by a bond of about 1.5 eV energy.
This is about the same strength as the bond in He, , which we observe, Conceivably,
the ion may appear at higher pressures, but some alterations in our sampling probe
will be necessary to achieve this,

Sevé al investigations of ions in glow discharges in oxygen have been reported,
0+ and 02 were reported by Knewstubb (93), Lubhr (98) and Dickenson and Sayers (99).

(98) Luhr, O,, Phys. Rev. 38, 1730 (1931)
- (99) P> H. G. Dickenson and J. Sayers, Proc, Phys. Soc, (London) A76, 137 (1960)

In addition, O +‘and 04+ (99) have been reported,

3

In our studies of o&ygen 1n‘1he pressure range 0,01-0,3 Torr, using a microwave
discharge only 0 and-o2 were found, Both ions dropped in intensity expopen;&ally
with increasing pressure, but the ot dropped slightly less rapidly than did 02
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The drop in 0+ with increasing pressure may be due to the fact that 0+ can react
with O, by charge exchange. '

2 S + + . . .
0" +0; » 0, +0 (16)
This would account for the drop in 0+ intensity at conditions at which N+ (which
cannot ungergo loss by charge exchange) remains constant, In the same pressure
range, 0 drops in intensity to about the same extent as does N, , which can
disappear by charge exchange with N, : %

. In a mass spectrometer ion chamber O * and 04+ are found in rather small in-
tensities, apparently formed by the reactions:

' + 2 - +

02 'ﬂ'u+021—04 ——)03
+%x +

4 +02-+04+02

The latter is very faint, however, The jonization potential of 0, is slightly

greater than that of 02 (100,101), so 03 can react with 02 as follows:

o.f+o0 0,F+0
3 T 7 3
(100) J. T. Herron and H. I. Schiff, J. Chem, Phys. 24, 1266 (1956)

(101) R. K. Curran, J, Chem, Phys, 35, 1849 (1961)

+ 0 17)

0 (18)

(19)

No doubt this accounts for the failure to observe 03+. The absence of 04+ may be
merely a matter of sensitivity,

In our laboratory we have also studied the ions formed in a microwave discharge
in a mixture of nitrogen and oxygen at a consta£t pressure of about 0,1 Toyr, As+
might be expected, the intensities of N, and N decreased and those of 0, and O
initeased as the proportion of nitrogen"decreased and that of oxygen incréased,
NO was very intense over thf range 2f 107 to 757% oxygen in. the m*xture. This is
-not surprising, since N , N and N reacting with 0, or O and 0 and O reacting
with N or N, are capable of producing NO ., Further, ﬁo is produced in ghe discharge

and no doub% is ionized by electron impact,

Small amounts of NO + ions were observed in all of the mixtures studied, and
small amounts of N0 were found in the nitrogen rich mixtures, but disappeared
when the proportiofi of nitrogen in the mixture dropped below 757, The manner of
their formation is not known, but from their very small intensity we infer that they
are probably formed by.third order processes, It is surprising that no N, ion was
observed when oxygen was present, Presumably it is capable of reacting in several
ways with 0, or O, and so is destroyed as fast as it is formed, The system 02-N2
is of great interest and will be studied further,

This research was supported by Project SQUID of the Navy, under Grant NONR
3623 5-21, which we acknowledge with gratitude,




N

o ———— e

——

S

Ly

TON-MOIECULE REACTION RATES MEASURED IN A DISCHARGE AFTERGLOW
E. E. Ferguson, F. C. Fehsenfeld, and.A. L. Schmeltekopf
Institute for Telecommunication Sciences and Aeronomy

s : S
Environmental Science Services Administration ’ Boulder.,, Colorado

ABSTRACT

The application of a flowing afterglow reaction technique to the measurement of
thermal energy ion-molecule reactions is briefly described. The flowing afterglow
system allows the measurement of reactions of ions with such unstable neutrals as O,
H, N, and O3. The reaction Ot + COz — O.% + CO appears to be important in CO. dis-
charges, as Oz" has been found to be a dominant.ion in this case. The 0%, C*, and
co* ions rapidly react to produce either 0zt or COz¥, the dominant ions observed in
a COz discharge. In an argon-hydrogen discharge, Ha™ would be an important ion,
since it is the most stable ion in that system and a reaction sequence leading to Ha'

‘production is fast. Several associative-detachment reactions such as 07 + 0 = 02 +e

and H™ + H ~» Hz + e have been found to have large rate constants and such reactions
may be important in'determining the negative ion concentrations in discharges.

I. Introdpction_and Experimental

A flowing afterglow sysfem has been utilized for the past several years in the
ESSA laboratories in Boulder, Colorado, for the measurement of reaction rate con-

. stants at 300° X for both gositive and negative ions reacting with both stable and
1

unstable neutral species’”®. Figure 1 illustrates one version of the flowing after-
glow tube which has been utilized. A tube of about 1 m length and 8 cm diameter
serves as the reaction vessel. A gas, usually helium, is introduced at one end of
the tube and exhausted at the other end at a rate of around 100 atm cc/sec, the

_helium pressure being typically ~ 0.3 torr. The helium is ionized by a pulsed dc

discharge producing about 10'° Het ions and He(ESS) metastable atoms per cc. Posi-
tive ions are produced in most cases by adding a relatively small concentration of
neutral gas into the helium afterglow by means of a small nozzle. The positive ions
are products of He* and He(2°S) reactions with the added neutral. The reactions of
these ions with a second neutral added at a second downstream nozzle are then
measured. The ion composition of the afterglow is monitored by means of a frequency
scanned quadrupole mass spectrometer covering the mass range 1 - 100 amu. The rate
of disappearance of a reactant ion with neutral reactant addition leads directly to
a reaction rate constant.’ Our estimate of the reliability of the rate constants so
determined is + 30% in favorable cases. Our experience in comparing our rate con-
stants with other measured rate constants generally supports this estimate.

This experimental scheme has many variations. We have, for example, success-
fully used pyrex and quartz reaction tubes as well as stainless steel, and microwave
and electron beam ionization as well as the dc discharge. We sometimes find it
desirable to produce reactant ions by adding a suitable gas through the discharge
with the helium rather than downstream in the afterglow, particularly in the case of
certain negative ions such as O~ and H-, which are readily created by dissociative
attachment by fast electrons in the discharge. We sometimes use carrier gases other
than helium, particularly argon.

Some of the important features of the flowing afterglow experimental technique
are the following: (1) The reactant ions in many cases are known to be in their
ground states, either because of the reaction which produces them or by virtue of
superelastic electron collisions in the plasma prior to neutral reactant addition.
Stable neutral reactant species are added without being subjected to discharge or
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excitation conditions so that they can be assumed to be neither vibrationally nor

electronically excited. On the other hand, some selective excitation is possible.
For example, the reaction

ot(¥s) + N2(l):) ot + n(ts) + 1.1 ev (1)
has been measured” as a function of vibrational temperature from 300 - SOOOOK.

(2) It is possible to add chemically unstable neutral reactanis into the
afterglow so that reactions such as

+ + ’
'+ 0ot e, (2) 0," + N~0" + o0, (3)

0T+ 0-0,+e, (k) and o’+o3—-o3'+o (5)
have béen studied in this system.

) (3) The difficulty of resolving concurrent reactions does not arise, as it
does in mass spectrometer ion sources, and we have measured the reaction

+ +.

€O,  + H, = COH +H (6)
without complication from the reaction

o+ +

Hy + CO, ~ COMH + H, (N

since H2 is not ionized in the flowing afterglow arrangement.

II. Thermal Energy Charge-Transfer Reactions

The flowing afterglow system is well suited to exothermic charge-transfer
reaction measurements, since the neutral reactant, necessarily of lower ionization
potential, does not go through the ionization region and hence is not selectively
ionized as would be the case in some experimental arrangements used for ion-molecule
reaction studies. For positive ions, either atomic or molecular, charge-transfer to
molecular neutrals is usually fast (barring occurrence of a competitive exothermic
rearrangement reaction). Very many such examples (several dozen) have been observed
and very few exceptions, notably the reaction between Het + Hz, which is observed
not to have a rate constant as large as 10712 cma/ sec, For example, Ar+, CO+, co=t,
Na+, N+, and Hz0" all charge-transfer with Oz to produce 0-% with rate constants

greater than 10™-° cm’/sec (or cross sections greater than 20 8°).

This result contradicts most theoretical predictions. which had assumed that

charge-transfer would be slow except in unusual cases involving fortuituous energy
resonances. -

The situation appears the same for negative ion charge-transfer although much
less data is available in this case. We have found that the reactions

H + NOz — NOz~ + H. (8) OH™ + NOz — NOz~ + OH (9)

0T +03 -0a +0 ' (10)

and several other negative ion charge-transfer reactions have rate constants greater
than 107'° com /sec. at 300° X and previously Curran® had observed a mmber of fast
negative ion charge-transfers to NOa, and Henglein and Muccini® observed a fast
negative ion charge-transfer with S0z. In the absence of experimental data one
would certainly predict that exothermic charge-transfer to a molecular neutral will

_be fairly efficient. _ :

III. Ion-Atom Interchange Reactions
The most commonly studied ion-molecule reactions have involved changes in
molecular configuration. Typical examples are

ct s 0, = co” + 0, (11)
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whose rate constant, 1.1 x 107 cr_na /sec, from flowing afterglow experimentsz agrees
with en earlier value 9 x 10-1° cma/sec measured in a mass spectrometer ion source
by Franklin and Munson®; the reaction _

+ . +

0 +COE-~02 + CO (12)
with a rate constant of 1.2 x 10~ em® /sec from both flowing afterglow’ and mass
spectrometer ion source measurements7; and

- + : +

c + CO2 - CO + CO : _ | (13)

with a rate constant 1.9 x 10~° cn®/sec.

Such reactions are more often fast than slow. One of the slowest exothermic
ion-molecule reactions (again barring cases where charge-transfer competes) is
‘ o+ Ny~ NO" 4N, (14)
with a rate constant ~ 1072 cm® / sec’. Tnis rate constant increases® to about

3 x 10" cm’/sec for an Nz vibrational temperature of 5000° K and also increases
with 0" kinetic energy®’®.

No case of a fast ion-atom interchange reaction involving the breaking of two
bonds has so far been reported. The exothermic reaction
+ . + .

0," + N, =~ NO" + NO : (15)

=15

has a rate constant less than 10 cma/sec, for example.

IV. Associative Detachment Reactions R

A number of associative detachment reactions have been recently measured to be
fast .in the flowing afterglow system (i.e. k > 107*° em®/ sec), including:

0"+ 0-~0,+e < (16) H'.+H—-H2+e (17
OH™ + 0 ~ HO, + e (18) OH" +H-HO +e (19)
O_+H2—'H20+e . (20) O'+CO—r002+e (21)
and 07 + NO = NO, + e. . (22)

Phelps and Moruzzil® have been making similar measurements in drift tube experiments
at Westinghouse and have measured reactions, (20), (21), and (22). The flowing
afterglow and drift tube results agree within better than a factor of two in each

case, Several exothermic associative detachment reactions do. not occur at measurable

rates (k < 1072% cn®/sec),. an example being

07 + N, » N0 +e +0.2eV. _ (23)

V. Ion-Molecule Reactions in Discharges

One obvious application of measured rate constants to the qualitative interpre-

tation of the ion composition of a gas discharge is the case of the COz discharge ion

composition studied by Dawson and Tickner'l. Dawson and Tickner observed the domi-

nant ions in a glow discharge in COz to.be 0zt and COz+. This is quite reasonsble in

view of the known occurrence of reactions (11), (12), and (13) above, together with
the fast charge-transfer of CO% with CO; to produce COz*, The results of these
reactions are graphically illustrated in Fig. 2 (from Fehsenfeld, et al., J. Chem.
Phys. b5, 23 (1966)), which shows that all of the ions, ¢*, 0%, and c0*, do convert
to Oz and COe* by reaction with COz in the ~ 6 milliseconds reaction time in the
flowing afterglow. If molecular oxygen were added, one would expect the dominant
ion to become Ozt alone, since CO2% is known to charge -transfer rapidly with 022,

P p— s e
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In a like manner Fig. 3, showing ion composition in an Argon-Hz afterglowla,
suggests that the ion-molecule chemistry is such that the dominant ion is Ha+, and
this would very likely be true for certain active discharge conditions as well.

An example of the possible importance of associative detachment reactions in
dlscharges was noted by Massey®* , who speculated that the low negative ion density
in oxygen discharges (relative to iodine discharges for example) might be due to

(electron detachment by reaction (16). 1In iodine the analogous reaction;I~ + I =
I: + e is endothermic. In view of the subsequent finding that reaction (16) is
indeed fast (ks = 1.9 x 107° o /sec), Massey's suggestion takes on renewed inter-
est. The same argument could be applied to Hz discharges in view of the rapldlty

1 of reaction (17), k.~ ~ 10~° cm/sec.

VI. Conclusions

The growing body of quantitative ion-molecule réaction rate data now available
should allow in favorable cases prediction and inm many cases correlation of observed
ion compositions of gas discharges with known ion-molecule chemistry.

\ . '
Acknowledgement: This work has been supported in part by the Defense Atomic Support
Agency.
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;Absorptlon Spectra of Transient Species

in a 8ingle-Pulse Microwave-Discharge

by A.B.Callear
Department of Physical Chemistry,
University of Cambridge, Lensfield Road, Cambridge.

An apparatus was described for production of an intense and
short duration microwave pulse discharge in various gases. At =
power levels in the 50 kw range, the microwave energy was coupled
to the gas with a high Q tuned cavity. For higher power levels
up to 1 mw peak, a glass tube containing the gas was placed inside
a wave guide,; in the central region of maximum field. ' Thereby
intense discharges were produced in metre long columns of gas, to
provide ideal conditions for kinetic absorption spectroscopye.

Some simple applications of the technique were described, including
measurement of energy transfer from He22 S ) to atomic neon,
exchange of ‘'vibrational energy from nitrlc oxide to D,S, and the
production of diatomic free radicals in various gases$

. Flash photolysis 1s proving to be of considerable value in the
study -of structure and kinetics. Our first object in developing
the microwave technique, in which the photolytic flash is replaced
by a powerful microwave pulse, was to explore alternative means of

‘achieving substantial electronic excitation of gases. It was

believed that the method would complement flash photolysis and would
also extend the direct techniques of flash. spectroscopy to more
diverse systems, for example gases which only absorb light in the
extreme vacuum ultraviolet!se Thus to mention a few as yet unattained .
and perhaps ambitious objects, we hope to follow dimer formation
in pure helium and the other inert gases, to study N_ A 73 by
abgsorption spectroscopy, to investigate CH formation“in cH> (which

. has now been achieved by vacuum ultraviolet flash photolysls ),

and to detect both positive and negative ions by absorpt1on

spectroscopye

A microwave field will couple only with free electrons, and
direct change of translational energy of gases is unimportant
(because of the mass restriction) compared to the energy appearing
as electronic and vibrational excitation. Described here are
results obtained with a microwave-pulse generator of peak power
~50 kw, and also the development of a more powerful sapparatus with
a capability to deliver power to a gas at just under 4 mw. Results
frgm the aecond machine will be available by the early spring of
19 7.

ent d Discussion .
The first apparatus was constructed to establish the feaaability
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of procucing tran31ents at concentratlons detectable by absorption
spectroscopy. An English nlectrlc M561 lMagnetron (3046 Mc/sec)
was powered with a 1 u F capacltor charged to ~ 15 kV, and the
pulse duration could be varied in the range 2 - 50 usec with
English Electric FX290 thyratrons. Via.a conventional 'docr-knob’
coupler and waveguide section (without an isolator), the power was
transmitted to a cylindrical cavity with a Q@ of 380. This is
illustrated by the photograph shown in figure 1, and the imain
details have already been described. ‘Although a 10 usec pulse
corresponds to 0.8 joules, only a minute fraction of this was
successfully delivered to the gas. However, a number of encouraging
observations were made, and some energy transfer rate coefficients
were measured, as described below,

More recently, R.E.M.Hedges, J.G. Guttridge and I have completed'
the consiruction of a powerful microwave generator, which
incorrorates the English Electric M578. magnetron, with a rated
peak-power of 900 kw. Into a 'matched load', we have produced
single pulses at 500 kw, duration 5 usec.,. .which is close to the
maxinum power available per pulse. The H.T. arrangement is similar
to tnat empioyed in the prototype equipment, with two thyratrons
delivering a potz=ntial up to 30 kV. This particular magnetron turns
out to be rather susceptible to arcing on single pulse operation,
and in this respect is especially sensitive to reflected power.

This has necessitated the inclusion of an isolator between the
magnetron and the load; to obtain satisfactory functioning up to

25 XV (as evidenced by the profile of the current pulse), it is
necessary to condition the magnetron cathode by somewhat laboriously
pulsing with the applied potential increased by small increments
from 20 kV upwards.

It was anticipated that the same cavity that had been employed
in the early experiments would also be suitable for the high energy
equipment, With the assistance of Mr. Fe.J.Weaver of the English
Electric Valve Company, the size of the hole coupling the cavity
to the waveguide was carefully optimised to give a standing-wave
ratio of 1.2 and a @ of about 800. With such a tuned cavity, a
discharge can be produced in helium- at 1 atmos. pressure; however,
the discharge was still quite feeble and it was obvious that only
a minute fraction of the total energy was being coupled to the gas.
Although the tuning and matching was near perfect under low power
test conditions, for various reasons the cavity detunes as soon as
the gas strikess

Although a study of the cavity discharge may prove to be of
some value, interest was directed at the problem of achieving mere
more efficient coupling of the microwave pulse to the experimental
gase. In fact we have now achieved conditions under which it appears
that practically the entire pulse may be absorbed by the gas.

This innovation is a very simple one; a thin walled glass tube
containing the gas is placed inside the waveguide in the region of
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maximum field, In this manner, an intense discharge can be

produced in meire long columns of gas, to provide ideal conditionsg

for absorption spectroscopy. R.E.M.Hedges is presently

assembling the optical components to carry out spectroscopic studles
under these conditions. The beauty of this discovery lies in its

inherent simplicity; power is coupled to the gas at low Q and

matching problems are virtually eliminated.

Results . !

This section relates only to the low power equipment, with a
tuned cavity discharge. Figure 2(a) shows the formation of
_ He(2 S,) in a single pulse of 10 usec duration, and its decay
follow1ng the pulse. Also gbserved 1n pulsed hellam were the ‘
comnparatively short - lived 2/P. and 213 " states. A simple quantita- .
tive applic atlon shown in flgﬁre 2(b), is the enhanced rate of decay
of He(238 in the presence of a trace of neon. By means of '
photometr} of plates similar to that illustrated in figure 2, the
rate of the energy transfer process

He(23s ) + Ne(21S ) —> He(1's ) + Ne(2s)

was recorded as 0.35 + 0.02 R in agreement with 0.37 22 reported

by Javan, Bennett and “Herriott 3; The helium system is perhaps

the simplest of all electric discharges and, as mentioned above, we
hope to make more detailed observations of the formation of d1atom1c
helium. All four of the 1s metegables were observed in pulsed neon 1,

Figure 3 illustrates vibrational excitation of nitric oxide, ‘
and its decay following the pulse, It was concluded that excitation
occurs by direct collision of nitric oxide molecules with electrons,
because of the exﬁreme weakness of fluorescence from electronically
excited molescules™: The total yield of vibrationally excited NO
produced with a microwave pulse, is about 10 - 100 fold higher than
the yield of electronically excited species or free radicals, in
all the systems which have thus far been investigated. The technigue
may therefore prove to be generally applicable to the study of
vibrational energy transfer., Figure B%b) shows the catalysis of the
‘'NO relaxation, by a trace of D,S, which has a vibrational frequency
close to that of NO. A number of rate coefficients for V-V
processes of this type have recently been published,

Finally we mention the formation of chemical intermediates,
produced by microwave pulses in polyatomic gases. Thus far, these
aspects of the chemistry of electric discharges have only been
investigated in CS,, (CN),, H,O and H,S. In each case, diatomic
free radical interﬁedlate ;e obserged° Some of these are !
included in figure L.
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10,3usec - 22, 4usec
2204 e
316 42,0
42,0 52.8
52.8 | 6640
66.0 | 7841
78,1 | 90,9
90.9

113
133
164
206
243
312

He (3 3p)« (2 3s5)

(a) Formation and decay of He (2 38,) in 5 om .of He,
(b) Decay of He (2 35,) in 5 mm He + I,2 x 10™%mm Ne,

o

Figure 2
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3‘134 Formetion and decay of (a) CS : 2mm CS, + 60 mm He;
(b)oxgsmm'ﬂ2o+35mmﬂa; (e) SH : 20 mm H,8 + 100 mm He,
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The Collection of Positive Ions and Electrons by a

~

Screened Probe in the Neon Negative Glow¥

M.J. Vasile' and R.F. Pottie,

Division of Applied Chemistry,
National Research Council,
Ottawa, Canada.

INTRODUCTION

\

A

The collection of ions and electrons by small probes placed
{ithin the plasma of a gas discharge has received considerable
ttention over the past four decades. A major advance in measurement
jeohnique was reported by Boyd! in 1950 with the introduction of a
'mall screened flat probe. 'The new technique made it possible to
.eparate the collected currents into the ion and electron components.
¥s a result it became possible to measure their concentrations
aeparately and to extend the range of measured electron velocities to
seyond the ionization potential of the discharged gas with no inter-
‘erence from positive ion current. The method was extended by Boyd
ind co-workers? and by Pringle and Farvis3 to the measurement of ions
tnd electrons in both the positive column and negative glow in various
;ases. Desplte the apparent success of these studies, little or no
ise has been made of this technique by other workers in the field.

i

} Previous work in this laboratory“:% had established the
isefulness of a mass spectrometer to obtain relative ion concentrations
in the various regions of glow discharges. The work reported here is
in extension of these earlier studies and represents an attempt to

1a) measure the absolute concentrations of ions and electrons in
tonjunction with the mass spectrometric studies and (b) to determine
he electron energy distributions, particularly in the negative glow

;0 assist in the interpretation of processes that result in the
production of ions.

)
A EXPERIMENTAL

i. Apparatus

In order to reduce undue disturbance of the discharge, an
Sssential characteristic of a probe is small size. The probe consisted
L\f a fine wire grid that was spot welded to a 5 x 5 mm platinum frame
fhich was mounted on a Pyrex plate. A 1/8" circular hole in the glass
rlate defined the current reaching the platinum collector (.010" thick)
tounted below it. A mica insulator shielded the collector from the
bischarge. The glass plate was 1 mm thick, and the grid was a stainless
lteel mesh (0.001" diameter wires) with an optical transparency of U42%.
:he effective area of the collector was computed to be 3.33 x 10-6 m2.
Khe probe parts were cemented together with "Gevac" and the platinum
eads (.01" diam.) from the electrodes were supported and insulated by
eans of a ceramic rod with two channels for the leads. The ceramic
lod extended through a side-arm of the discharge tube so that it could
e rotated or moved radially by means of a magnetic slug. Impedance
easurements showed that the resistance between the collector and grid

Y
h@s greater than 10!'3 ohms.
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The Pyrex discharge tubeséas 50 cm long and 5.5 cm in
diameter. The electrodes were polished stainless steel disecs, 5 cm
in diameter and the cathode could be moved magnetically over a
distance of 30 cm. The entire discharge tube, including side-arms,
could be baked to greater than 350°C. Metal bellows valves were used
for all openings into the discharge tube and the normal background
pressure of 2 x 10-7 Torr was achleved with a silicone.oil diffusion

pump .

‘The gases were of assayed research grade and périodic checks
were made for impurities by mass spectrometry. The operating gas was
admitted to the discharge tube via a Granville-Phillips variable leak
valve, the pressure being measured with a Decker diaphragm gauge. A
small flow was malntalned through the discharge tube during operations
by means of a needle valve to the pumps. .The exlt pressure was about
10-2 Torr. Preliminary discharges of about one hour duration were
always carried out before measurements were taken. The tube was then
evacuated and a fresh gas sample was admitted for the experiment.

All results reported here were taken with a gas pressure'of
0.28 Torr and a discharge current of 0.250 ma. :

- A schematic diagram of the discharge tube and electrical
circuit is given in.Fig. 1. The potentials of the grid and collector
relative to the grounded anode could be controlled independently so

that either one could be positive or negative with respect to the anode. .

The collector current passing through precision resistors (0.05%) was
measured with a 1 megohm impedance nanovoltmeter which was 1solated from
ground. The minimum detectable current was 10-!0A, 'The potential of
the collector was measured with a vacuum tube voltmeter, while a
digital voltmeter was used for measurement of the grid potential. Grid
and_discharge currents were monitored by dc microammeters. Dilscharge
power ' was provided by a commercial de¢ power supply.

B. Results

(1) Collection of low energy electrons. Fig. 2(a) is a typilcal semi-

logarithmic plot of the electron current, showing two stralght line
segments for the thermal and secondary electrons respectively. The
space potential was obtained from extrapolation of the saturation
current to the rising portion of the curve:. The gas was pure neon and
the probe was near the position of maximum.electron intensity in the

negative glow. The electron temperatures of the Maxwellian distributions

were 0.271 and 3.67 eV for the thermal and secondary electrons, and
their concentrations were 158 x 1013/m3 and 2.9 x 10!3/m3 respectively,
assuming collection of the random current at the space potential$,?.
" The small electron residual current that was always observed at higher

retardation potentials was subtracted from the total electron currents.

The collector potential was +70 V with respect to the anode.

. _ (2) Collection of positive ions. The collector potential was
maintained at -70 V and the grid voltage was variled from -70 V to well
above the space potential for the collection.of positive ions. The
method' of calculation of the random positive ion current differed
somewhat from previous approaches and is given briefly below. We
assume that positive ions are accelerated from the sheath to the grid
and. are further accelerated by the full potential between the collector
and the grid. The current rises until all the random ion current
arriving at the sheath edge has been collected. ‘Further collection of
ion current 1s the result of sheath expansion, edge effects and
potential penetration of the sheath. If we treat the ion currents

s
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below the saturation limit we find?9
i, = A x 1 n v (1)
+ T M9 Vyp

in which n_ is the random  ion density, q the electronic charge
and Vg the“velocity of the ions arriving at the collector. This is
given by: :
= _~accys :
Ve = Vo + (—7—) ' ()

in which V4 is the initial ion velocity and Va.. is the potential
difference between the plasma and the collector. Thus:

i = 1 29, Y% 14

i, = A xp n, Qv HED TV ) | (3)
1 .

Therefore, a plot of i, versus Vace /2 should yield a straight line

whose slope is .

: 1
% n, q(gm—q)/2

The positive ion currents, plotted in this manner always yielded a
straight line to a break point which was assumed to be the saturation
limit. A plot of this type is shown in Fig. 2 (b); the small residual
ion current has been subtracted from the experimental points. From
this slope we calculate n, = 145 x 10!3/m3 in good agreement with the
electron concentration of Fig. 2 (a) for the same probe position.

(3) Axial variation of ions and low energy electrons.” The observed
ion and electron concentrations as a function of axial distance from
the cathode are given in Fig. 3 for the probe facing the anode. There
is a slight displacement between the maxima for the two distributions
and this may reflect a slight penetration of the field from the cathode
dark space. However the results show that a true plasma is present in
the negative glow, since to a good approximation ng = n,. The secondary
electron current was relatively insensitive to gosition of the probe
and gave an average concentration of 3 ¥ 1 x 10!3/m3 with electron
temperatures in the range of 3.5 - 4.0 eV. The rising portion of the
secondary electron curve marks the anode edge of the negative glow. At
this point the electric field begins to accelerate thermal electrons
to the secondary electron velocities. For example at d = 7.2 cm, the
secondaries account for almost 50% of the total electron current.

(4) Residual electron current. Small residual electron currents

. were observed for all probe positions and orientations. These are

summarized in Fig. 4 for pure neon. These minimum currents were
coenstant for a range of =35 to -50 V in grid potential. For grid
voltages in excess of -50 V there was a gradual rise in the current,
presumably as a result of grid emission by the bombardment of positive
ions. We find in Fig. 4 that the residual current decreases
exponentially throughout the negative glow with increasing distance

- from the cathode for both orientations of the probe surface. Addition-

ally, there is a reduction by almost a factor of 5 for the probe

facing the anode versus cathode position. We have also observed no
variation in the residual current as a function of radial position from
the center to a point only 0.6 cm from the wall. The current increases
slowly with axial distance in the Faraday dark space (@ > 5 cm) and
reaches a plateau 1in the posltive column.

o




*uoau aand xo0F apour 3uyowy eqoad
- ‘epoy3ed puw pTJI3 uUssMildq 9OUBASTD °*SA
SUOI309Td £3J9Ud MOT puUB SUOT JO UOTINQTIAISTQ € °OId

WD ‘ 300HLYD WOH4 IONVLSI

o® 01 09 . 06 ov o¢ 02
T 1 T T T T
[}
/ \Iﬂ}d v . oz
O~ S~
) Q/QQIQIAQ]Ql<|gg|-4/ B
v Tjov
/ v
_
v . 09
0) ¢ SNO4gLD31) AEWANODIS L
08
[ -
3 ol
Toer

0, . .
/ \Wx\; row
[ N, Oo 9\
\ 091
° .
® os

SNOY JAILISOd 002

GOV { IN/HIBNNN) NOILYHLNIONOD



NG e

m— N

P

B e i

-

-

L 61 .
10 < =
F .
<« -
it
2
N 'EIO' [ PmoBE FACING
e T awoce
3. |
)
g |
2
[- 2
@.
w
cw
w
<
L
-
e,
E 3
- .. N A
: Y 1 L | I
Tz 3 4. .5 s
DISTANCE FROM CATHODE- CM .,
FIG, 4  Variation in residual negative current vs.

distance between grld and cathode for _pure .

neon. L

1A
O’h -

F awooOR’ |

NEGATIVE RESIDUAL CURRENT

. &
T

ool g iy

\ \
AON

\

ML 1

2 3

DISTANCE F'Rou cnnooz -CM

a8 0

Xenon in neon.'

’FIG.“5-= Variation in residual negative current‘vs.
T © -.distance between grid and cathode for 0. 079-'




. . : 62 :
. The effect of adding 0.07% xenon to neon 1is seen in Fig. 5,
The residual current drops and there is a steeper slope to the exponenti:
part of the curve. In addition a smaller increase is observed in the
Faraday dark space. :

(5) Energy distribution of secondary electrons. From Fig. 2 (a) we
" see that the energy distribution of secondary electrons 1s essentially
Maxwellian at the indicated position of the probe. However, as the
axial distance 1is increased we find a successively greater loss of
electrons whose energies exceed about 10 eV, although the distribution
is not radically altered from Maxwellian. . The addition of 0.07% xenon
results in almost complete depletion of electrons above 12 eV and there |
are considerable deflciencies beginning only 5 eV above the space 5
potential.

The data are summarized in Fig. 6. The distribution curves
for the mixture were calculated from the experimental measurements
according to the method of Medicus®, and comparison plots of the ideal
Maxwellian distribution are given. The two curves in each case were
normalized to those regions along the potential axis which gave a X
straight line on the seml-logarithmic plot. The fluctuations in the
curves for the mixture were reproducible and are similar in appearance
to the structural.features that were observed by Twiddy® in the cathode
region of rare gas discharges. It 1s apparent that xenon effectively
reduces the higher energy secondary electrons, even at 0,07% concen-
tration. Twiddy!? has shown that there is a similar loss of energetic
electrons in the positive column of an argon-neon mixture.

TN

(6) Residual positive ion current. The ratio of residual currents
for.i1e min/i4 min was 5:1 . with the probe facing the cathode and about
10:1 with the probe facing the anode. These ratios were constant for
all axial positions of the probe-in the negative glow and in the Faraday
dark space. The ratios for the 0.07% xenon-neon mixture were the same
as for pure neon. : ) . -

DISCUSSION

: Since the production of ions and low energy electrons in
the negative glow 1is governed largely by the rate of arrival of high
energy electrons from the cathode dark space it is obvious that the
direct observation of these high energy electrons offers an important
method for interpreting the processes of ionization in the negative .
glow. A possible means of making such a measurement is to consider the
negative residual currents collected by the screened -probe when it faces
the cathode. These currents could arise from several processes:

) Direct collection of .high energy electrons.

) Grid emission by high energy electrons.

) Grid emission-by bombardment of positive ions.
) Grid emission by metastable -atom impact.

) Grid emission by photon impact.

-

Rotation of the probe to face the anode caused a 2/3 reduction
in the .residual current. One would not expect processes (c¢), (d), and
(e) to depend markedly on probe orientation so that these processes
probably account for less than 1/3 of the total residual negative <
current when the probe faces the cathode. Since neither the.positive l
ion density nor the visible photon intensity decays exponentially, J
processes (c¢) and (e) are similarly rejected as a major source of curre
for the anode orientation. We conclude that the major causes of the 1
negative residual current in the ‘negative glow are processes (a) and (b)

s
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6l
for the probe facing the cathode. We cannot distinguish between (a)
and (b), nor is it possible to calculate the density of such high
energy electrons without knowledge of their velocities.

The observed exponential decrease in ie min through the
negative glow of pure neon (Fig. 4) can be written as:

id = io exp(-o n(d—do)) | (4)
in which 1, is the residual current at d, cm from the cathode, d is
the distance of the probe surface from dp and n is the concentration w
of neon atoms per unit volume. Thus ¢ has the dimensions of cm? and 4
is an exverimental cross section for loss of high energy electrons, as
a first approximation. From the slope of the exponential curve in
Fig. 4 we calculate that ¢ = 8.7 x 10-!7 ecm2. This is a reasonable
value since the cross section for ionization of neon!! by 100 eV 2
electrons is 7.58 x 10-17 em?. .

The addition of 0.07% xenon brings about a 30% reduction in
the negative residual current and the exponential slope increases so
that the experimental o = 1.03 x 10-!6 cm2. This cannot be accounted
for by assuming that the only additional loss is that ar%sing from the
ionization of xenon. At a concentration of only 7 x 10~% atom %, this
would imply a cross section for ionization of xenon equal to 228 x 10-16
em? - about a factor of 40 higher than the known o¢i of xenon!! for 100 eV
electrons. A more reasonable inference is that the loss of neon meta-
stables by the Penning reaction:

Ne*(3P2’0) + Xe *Xet 4+ Ne + e~ (5)

is responsible for the lower values of 1o min, and that the change in
slope more nearly reflects the actual stopping power of neon for high
energy electrons. Since excitation as well as lonization can result
from impact of a high energy electron, a cross section of the order of
1 x 10-16 em?2 is of the expected magnitude for an electron of approx-
imately 100 eV.

It would be expected that the addition of a small amount of
xenon would not significantly change either the cathode fall or the
number of directed high energy electrons passing into the negative
glow. Thus, if one assumes that the reduction in the residual electron
current is caused by reaction (5) it 1s possible to obtain an approx-
imate value for the coneentration of metastables in the beginning of
the negative glow.

Referring to Fig. 4, for d = 2 em, -Aj, the reduction in
the residual current is 0.02 yA. If the neon metastables have thermal
velocities, and 1f one considers a reasonable yield of about 0.03 for
the grid emilssion (geometric factor x efficiency), then a minimum
concentration of 1 x 10!3/m3 1is obtained for the metastables. It is
then possible to calculate the reactive collision frequency between
Ne* and Xe by assuming the same cross section for deactivation as
Sholette and Muschlitzl? observed for the He* - Xe Penning reaction,
namely 12 x 10~16 cm2. This results in a calculated lifetime for the
neon metastables of 0.5 m sec. This 1s somewhat shorter than the
lifetime of 0.875 m sec measured by Blevis et al. 13 for the decay of
Ne(3P,) in pure neon. We conclude that Xenon can intercept the 4
metastable neon atoms in the required time and that our assignment of
the Penning reaction is reasonably justified as a major contributing P
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cause of the reduction in the residual negative current. Similar
arguments can be used to account for the: decrease in the residual
current when the probe faces the anode. The effect 1s even more
marked in this case, particularly at the beginning of the positive
column. -

The treatment of the positive ion residual current is not
as straightforward, since there arises the additional complication
-of* electron impact ionization 1n the space between the grid and the
‘collector. To a rough approximation we can account for about 60% of
the current with the probe facing the cathode by this process, but
the remailnder can be a comblnation of secondary emission from the
collector by photons, by metastable atoms and by energetilc electrons.
The very small currents observed for the probe facing the anode suggest
that the release of electrons by metastable impact is much less than
would be expected for the metastable density obtalned -above. Apparently
the impact of metastables with the platinum surface produces secondary
electrons with a much lower efficiency than does the stainless steel
grid. The reason 1s not clear, but a contributing cause may be due to
the higher ‘work function of platlnum
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ATTACHMENT OF MOLECULES WITH HIGH PERMANENT AND INDUCED y
DIPOLE MOMENT TO IONS IN GASES . :

P. Kebarle, G.J. Collins, R.M. Haynes and J. Scargorough

Department of Chemistry, University of Alberta, Edmonton, Canada

ABSTRACT

T ——

The mass spectrometric study of clustered ions in function of polal
gas ‘pressure, temperature and electric field strength provides informa-
tion not only on what ionic species might be present, but also on the
strength of the ion-dipole interactions. Studies of the reaction
H30*. (n-1)H,0 + H20 = H30%.nH0 in & Nier type ion source with a 100 kex
proton beam are compared with earlier work on an alpha particle mass
spectrometer. The residence time of the ions in the two sources are a
few psec and a few msec resp. Similarity of results shows that cluster;
ing equilibrium is established within usec for water clusters above 0.5
torr. The presence of electric fields reduces the cluster size. 50 i
Volts/cm (at 1 torr) strip the clusters to H ot. -Experiments on the cor
parative attachment of different molecules sgow that the stability of tl
attachment increases in the order H;0, NH3, CH30H, CH3NO; for first she!
attachment. At larger distances from the ion (second shell) water be-
comes the strongest attaching. These results are explained by different
of dipole moments and polarizabilities.
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INTRODUCTION

o Attachment of polar molecules to ions in the gas phase occurs in a
%mber of systems: gases under high energy irradiation, gas discharges,
tames, etc. The polar molecules may be present as an accidental im-
irity or as a deliberate addmixture. The attachment has a number of
wportant effects such as change of mobility, change of redctivity with
=gard to ion-molecule reactions, change of the positive {negative) ion
s3lectron) recombination coefficient and change in the nature of the
“oducts resulting from the positive negative ion recombination. The
¢{udy of ion-polar molecule interactions in the gas phase can also pro-
ide information on ionic solvation since the formation of ion clusters
anstitutes the first and most important step in the solvation of an ion.
] A systematic mass spectrometric study of ion-polar molecule inter-
*tions was started in this laboratory some five years ago.®”
D The mass spectrometric gas phase studies are based on measurement
f the relative concentrations of the clustered ionic species: A™.nS,
*.(n+1)S, etc. The measurement of the relative concentrations is ob-
dined by bleeding a probe of the gas into an ion mass analysis system,
.&. a vacuum chamber attached to a mass spectrometer. In the vacuum
hamber the gas is pumped out while the ions are captured by electric
ields, accelerated and focused and then mass analysed by some conven-
ional means (magnetic separation. quadrupole filter, etc.). After mass
falysis, the ion beam intensities are detected as electrical currents.
Several types of solvation studies can be undertaken if the rela-
ive concentrations of the ionic species are known.

1. Solvation Enthalpies and Entropies of Individual Solvent Mole-

ule Additions Steps: Consider the ion A* produced in the gas phase by
Sme form of ionizing radiation or thermal means. If the atmosphere
urrounding the ion contains the vapor of a polar molecule ({solvent S),
number of clustering reactions will occur. :

)
’ : at + s> at.s (0,1)
| A*.s + s » at.,2s (1,2)
a*.(n-1)s + s > A*.ns {n-1,n)
. At equilibrium the following relations will hold
. o p—_— ) o )
‘ AF o,n AF 0,1 %+ AF 1,2 % 0 * AF n-1,n (1)
P+
A .nS

° = - = -

i AF n-1,n RT 1n PA¢;(n—1)s-Ps RT 1n Kn-l,n (IL)

where P, is the partial pressure of X.

Thus knowledge of the equilibrium concentrations of the clustered
pecies A*.nS obtained from experiments at different pressures of S will
llow the determination of Kp-1 n and AFp-1,n. Such measurements done
e different temperatures will lead to the évaluation of AHp-] pn and
Sn-1,n- The availability of such detailed information will, for in-
tance, reveal the shell structure since a discontinuous change of the
Hpn-1,n and AS°np-1,n values will occur whenever a . shell is completed.
@naliy, the total heat of solvation of the ion can also be obtained
rom the expression III, with equations of the same form holding for the

@

b 8Hgolv = ) [AHn_l’n - AHevap(S)] (III1)
\ n=0

\




68

free energy and entropy change of solvation.
It is - evident from equation II that only the relative concentrations

of the ionic species are required. Thus AF°,_] p and Kp can be obtained

from equation II by assuming that the mass specfrometrlcally measured

ion intensities are proportional to the equilibrium partlel pressures of

the ions in the ion source. The solvation of NH} by NH3 and H30% by

H20 12 represent examples of studies of this type.

. _ I
. 2. Comparative Solvation of Two Different Ions by the Same Solvent:

There are three variants of this type of etudy. _
(a) Comparative solvation of ions A+, ct by solvent S.

The two ions are produced in the same system which also contains
vapor of the solvent S. 1In general, depending on the effective radius
and structure of the ion, the relative concentration of. clusters At.ns
will -be different from that of Ct.mS. Thus, for examplé, in the: average
n may be larger by 1 or 2 units than m. This will reveal a stronger in-
teraction of At with S. Comparison of n and m can be done at different
temperatures and pressures (of S) so as to compare the interactions in
the inner shell or in the outer shells. An example of this type of study
is the system H30%, NHj ng Nat in H20 vapor which is described in a
forthcoming publication.

(b) Comparative solvation of ions a' and B~ by solvent S.

An example of this type of study would be the system K+ and Cl-
with HZ0. Since the orientation of the water dipoles is reversed in the
solvation of positive and negative ions, such a comparative study is of
gredt interest, particularly for isoelectronic pairs as the one quoted
above. We have not yet done studies on such 1soe1ectron1c pairs. How-
ever, such studies are perfectly p0551b1e The pair K* and C1~ could be
produced in water vapor. By reversing the mass spectrometer controls,
measurements on the positive and negative ions in the system could be
done within minutes of each other.

(c) Comparative solvation of two negative ions by S.

An example of this type of study for the ions Cl , BC1™, and B,Cl~
by Hy0 is given in a forthcoming publication.

3. Competitive Solvation of Ion at for- B") by Solvent Molecules of

Solvents S, and S A comparison of the solvating power of two different
solvents can be oStalned by measuring the composition of ion clusters
when two different solvents are present at known partial pressures. An
example of this type of study is the competitixe solvation of NH§ by H0
.and NH3 which has been reported on elsewhere.® Some more recent studies
will be described in the present paper. These concern the competitive
solvation of the proton by water and methanol. The water methanol system
is of interest since the dipole moment of water is slightly higher than
that of methanol while the polarizability of methanol is considerably
larger than that of water. Thus it might be expected. that at close. range
to the central ion methanol might be preferentially solvating.

o~
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EXPERIMENTAL

The mass spectrometric study of ion solvent molecule interactions
;quires mass spectrometric apparatus which can sample ions originating
1n ion sources at relatively high pressures. Three somewhat different
arrangements are presently in use in this laboratory.

1. Alpha particle mass spectrometer1l

: A recent version of this apparatus has been described elsewhere13

in detail. The gas, supplied from a conventional gas handling system,

is irradiated in the. ionization chamber. The radiation is supplied

from an enclosed 200 mc polonium alpha source. The irradiated gas bleeds
through a leak into the evacuated electrode chamber. There the ions
carried by the gas are captured by the electric fields while the gas is
pumped away. The ions are focused, accelerated and then subjected to

mass analysis and electron multiplier detection in a 90° sector field
analyzer tube.

‘2. Electron beam mass spectrometer6

In a more recent apparatus an electron beam is used as ionizing
medium. The ion source is identical to that used with the alpha source
with the exception that the former alpha source port contains only one
very thin nickel foil (1072 inches) window through which the electrons
enter the source. The electrons are created by an ordinary electron
gun housed in .a sidearm of the vacuum chamber opposite the nickel win-
dow. The electron filament is kept at some -25000 volts while the ion
source is near ground potential. Absence of radiocactive contamination,
high intensity (~ 10 microamps) and possibilities for pulsing (for de-

. termination of ionic lifetimes) are some of the advantages of the elec-

tron beam source. A disadvantage is the much greater scattering of
electrons at high ion source pressures which makes beam collimation a

~problem. A guadrupole mass analyzer is used with this instrument.

3. Proton beam mass spectrometer5

A 100 kev proton beam obtained from a Walton-Cockroft accelerator
is used as ionizing medium. The ion source is not like the previous ones
but of the conventional design, i.e. a rectangular box with repeller
and narrowed-down ion exit slit. The proton beam enters and exits the
ion source through very thin nickel foil windows (10-5 inches). The
ion optics are of the conventional Nier type and magnetic analysis is
used. A proton beam (preferably of even higher energy than used by us
since at energies below 100 kev charge exchange converts appreciable
fractions of the proton beam into an H atom beam) seems to be the most

- convenient ionizing medium for high ion source pressures since it pro-

vides high intensity, possibility for pulsing, and little scattering at
high pressure. The proton beam can also be deflected electrostatically
before entering the ion source. This permits variation of the proton
beam - exit slit distance in the ion source. The cost of Walton-
Cockroft accelerators is relatively low.

A high pressure mass spectrometer using Mevlgrotons from a Van de

‘Graaff accelerator has been described by Wexler.
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RESULTS AND DISCUSSION

1. Competitive solvation of CH39§; by water and methanol ¢

A study of the ions in methanol vapor in the pressure range 1-10 {
torr showed that most of the ions belonged to the series CH3OH -NCH40H.
This suggested the possibility of observing the competitive solvation .
of CH4O0H by water and methanol molecules. ‘Figure 2 shows the relative ¢
intensities of the mixed clusters obtained when irradiating mixtures of
5% methanol: 95% water and 20% methanol: 80% water, both at 5 torr total
pressure and 50°C ion source temperature. In the mixed methanol-water
clusters the guestion of the structural assignment arises. Thus the
ion of mass 119 could be assigned as Ht.2CH30H.3H20 or CH30H%.CH30H.3H,0,
or H30%.2CH30H.2H20. We have selected the notation CH30H3.CH30H.3H,0
(or CH3OH§.mM.wW, for the general cluster where M and W stand for CH30H ,
and H20 and m and w for the number of methanol and water molecules).
The proton was assigned to the methanol oxyien ion since the proton af-
finity of methanol is some 10-20 kcal/mole 3 higher than that of water%
This assignment is also consistent with the observation that even in '
mixtures where water predominates, i.e. 5% methanol, the pure hxdrate
H30%.wW was not observed, while the pure methanol cluster CH3OH3.mM
was observed.

The clusters obtained with 5% methanol (Figure 1) contain, on the
average, considerably more methanol than water even though the partial
pressure ratio of water to methanol is 19:1. Thus methanol is the
stronger solvent in the observed clusters, i.e. clusters containing up
to six solvent molecules. We shall be able to understand the meaning
of this result better after a more detailed treatment of the data. It
can be shown that the distribution of water and methanol in the observed
clusters follows guite closely a probability distribution. Calling the
probabilities for inclusion of water and methanol « and u, for a cluster
with a total of & solvent molecules the probability distribution will
be given by the binomial expansion of the term {uw+u)%. For example if
a probability distribution is followed, the cluster containing three
solvating molecules CH3OH5.mM.wW, where £ = m + w = 3, should show the
following relative jntensities: 9H30H§.3W : CH30H§.2WM : CH3OH3.W2M :
CH30H3.3M = w3 : 344y : 3wu? : u>.  We have obtained values for v and
u by fitting binomial expansions to the experimentally observed distri-
bution. The calculated intensities shown in Figure 2 demonstrate that
a relatively good fit of the experimental data can be obtained. In
order to express the preference for inclusion of methanol and water per
unit methanol and water pressure we define y = (u/Py)/(w/Py) as the ) 1
factor for preferential take up of methanol, Py and Py being the partia
pressures of methanol and water present in the ion source. The y's cal~
. culated in this manner are given in Figure 1. The results at 5 and 20%
methanol show that the y's for a cluster of a fixed size (i.e. & = cont)
are approximately independent of the methanol-water pressure ratio.

This independence was confirmed in a number of other rums with 2, 4, 5,
8, 20, 50% methanol at 2 and 5 torr total pressure. The y's are found
- to decrease as % increases. Thus methancl is taken up preferentially
by a factor of 55, 21 and 8 for clusters containing 3, 4 and 5 solvent
molecules. Figure 2 shows a log y plot versus the number of solvating
molecules. The plot is almost linear and allows an extrapolation to ;
log y =0 or y = 1. This occurs when the cluster contains seven sol-
vating molecules. For & > 7, y becomes less than unity, i.e. water be-
gins to take precedence., Figure 2 also shows results obtained with the
proton beam mass spectrometer. The total pressure in these runs was
much lower (0.6 torr) and the reaction time much shorter (a few micro-

seconds versus a few milliseconds in the alpha particle ion source).
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One might suspect that under these conditions clustering equilibrium
might not be achieved. However the results are, on the whole, quite
similar to those obtained with the alpha ion source. This might be !
taken to mean that clustering equilibrium establishes very rapidly and
that the proton beam results approach equilibrium.

In the interpretation of the present results considerable help can ./
be obtained from the "electrostatic theory" for metal-ion coordination
complexes.2 It is recalled that this theory, using simple electrostatic
concepts, allows the calculation of the binding energies of metal com-~
plexes in the gas phase and . that the results of such calculations have
been in many cases very successful. In general, the potential energy

~of a complex ion is built up of four terms. These are due to the attrac-
tion between the ion and the permanent and induced dipole of the ligands,
the mutual repulsion of the dipoles, the energy required to form the
induced dipoles and the van der Waals repulsions between the ligands

and the central ion. Comparing the potential energies of an ion having
water or methanol molecules as ligands, it is found that the first term
is the decisive one. The first term contains the sum of the permanent
dipole and the polarizability. The dipole moments of water and metganol
are 1.85 and 1.69 D while the polarizabilities are 1.48 and 3.23 &.

The potential energy of an ion dipole interaction varies inversely with ;
the square of the distance while the polarizability interaction depends t
on the fourth power. It follows that the methanol molecules with their /
slightly lower dipole but considerably higher polarizability will be
more strongly solvating than water at close range to the ion. The ex-
perimentally observed preference for methanol is thus to be understood
as resulting from the higher methanol polarizability. :

It can be shown that the possibility of fitting the observed clus
ters with a given % by a probability distribution suggests that for
£ < 6 all solvent molecules belong to an inner solvation shell. Suppose
that for 2 = 5 some of the molecules went into an inner shell (fully
occupied) and the rest into an outer shell. The preference for methanol
over water in the inner shell will be very different from that in the
outer shell. It might even be expected that water will be preferenti-
ally taken up in the outer shell. It follows that the water-methanol
distribution in a cluster containing inner and outer shell molecules «
could n?t be fitted by a single probability distribution of the type
(w + u)~ but that the inner and outer shell would have to be fitted
separately, Such a case is in fact observed in the iampetitive solva- i
tion of NHJ by H,0 and NH3 which was studied earler, Since the water-
methanol clusters of 2 = 3, 4, 5 can each be fitted with a probability
distribution we can conclude that these clusters do not contain mole- A

_cules which occupy a distinct outer shell, i.e. that the inner shell
contains at least five solvent molecules. ) .

The ability to fit a cluster of constant 2 with a probability dis-
tribution is, to a certain extent, surprising even if all molecules
belong to the same solvation shell. A probability distribution means,
for example, that in the five cluster the preference for methanol over 1
water is the same whether all the remaining four ligands are water or '
methanol or a mixture of them. Obviously this can not be strictly true. '
The meaning of the experimental result must be that the nature of the
other occupants is, in the first approximation, not important.

While y remains approximately constant for a cluster distribution (
with ¢ = const, it was observed that Yg=const decreases from % = 3 to
£ = 5, This can be understood if one assumes that whenever % is increased
by one unit the effective radius of the (inner) shell increases. This
causes the polarizability to become less important and leads to a de-
crease of the preference for methanol. An increase of the effective
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radius might be expected because of the mutual repulsion due to dipole
and van der Wall's forces between the ligands.

Experiments on the competitive solvation of CH3NO; and H20 have
also been made but this work is not yet completed. The available results
show that CH3NO, is taken up preferentially at close range of the central
1on.(NHI and H3O+ gave similar results). Thus at room temperature the
preference factor is - 200 for three ligands, 60 for four Ligands, 40
for five, etc. The results also seemed to show that nitromethane is
always taken up preferentially in an incomplete.shell (inner or outer)
but that it is ultimately expelled from inner shells.

2. Effect of electric fields on cluster size

One may expect that the presence of electric fields will lead to a
decrease of the average cluster ‘size. This effect is illustrated in
Figure 3. The data were obtained with the proton beam mass spectrometer
which has a Nier type ion source, i.e. ion .exit slit and repeller. The
distance from proton beam to ion exit slit was ¢£.0.4 cm. E, is the re-
peller field strength. In preliminary experiments at very low repeller
‘fields it could be shown that-at H20 pressures higher than about 0.3
torr the cluster composition obtained with the proton mass spectrometer
was very similar to that obtained with the alpha particle instrument.
Since the estimated ion residence times are - 10 micron for the proton
mass spectrometer and -~ 1 millisec for the alpha instrument these re-
sults were taken to mean that -in both instruments clustering equilibrium
or near equilibrium is achieved. Figure 3.shows that increase of the
electric field decreases the cluster size. This is a gradual process
as shown by the succession of maxima. The maximum composition shifting

' successively from four water to zero water content of the H30% ion.

Possibly plots of the type given in Figure 3 could be used for determin-

ation of the enthalpy of attachment, i.e. AHp_ 1 e
14
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Figure 3 Effect of electric field on cluster’ composition.
Ert equals voltage between repeller and ion source exit slit.
Temperature of ion source 30°C. Water pressure 0.36 torr.

Experiments taken with 100 kev proton beam mass spectrometer.
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Negative Ion Mass Spectra of Some Boron Hydrides
D. F. Munro, J. E. Ahnell, and W. S. Koski:

Department of Chemistry, The Johns H6pkins University, Baltimore, Maryland 21218

Abstract

Ouestlons of the role ‘of negatlve boron hydrlde ions frequently arise in
problems concerning energetlcs of electron impact processes, discharge tube reac-
tions, and radiation chemistry. In view of the fact that the’ boron hydrides are
electron deficient compounds, it might be expected:r that they are more prone.-to
negative ion formation than hydrocarbons; however, very few studies: of such ions
have appeared in the literature. This paper gives some qualitative results obtained
on boron hydride negative ions produced by electron bombardment of diborane, tetra-
borane, and pentaborane-9. A pulsed electron béam, a quadrupole mass analyzer, . and
an electron multiplier were used for this work. -In-diborane, the most intense ions
observed were BoH3~ and BHy . Lower and varying intensities of BZHu , BoH3™, BoH, ,
BoH ™, By , BHy , BH, , BH , and B~ were also readily detectable. Similarly, the
negative ions observed. in tetraborane included the relatively high intensity BiyH,
and lower 1nten51t1es of B2H5 N Bth , BH,” »iete. In addition, indications were .
obtained for B,Hg . Similar results were obtained with pentaborane-9.

Introduction

For many years, mass spectroscopists have dealt almost exclusively with pro-
cesses involving posjtive ions; ionization, fragmentation, and ion-molecule reac-
tions. Recently, however, despite problems of low intensity, an increasing amount
of work has been done on negative ions. A number of species have been character-
ized, 1 and a few reactions have been studied. 2s3 1n addltlon,'at least one investi-
gation on the role of negative ions in flames has been carrled out, using mass
spectroscopic technlques.“

The boron hydrides are traditionally classified among the electron deficient
compounds, and might well be expected to form negative ions.. Furthermore, some work
has been done with the boron hydrides in gaseous discharges and in. radiationchemistry
where these ions might conceivably play a: role.5 Thus, it was of interest to us to
study the negative ions of the,boron hy&rldes w1th the eventual hope of providing
information to permit the.evaluation of the role these ions might play in discharges
and other associated phenomena.;

We have under'construction in our laboratory a tandem mass spectrometer for the
study of ion-molecule reactions. In the course of testing the first stage of the
instrument, it became apparent that the'spectrometer might be suited for the obser-
vation of negative ions. The ions from SFg and O, were detéected.-with relative ease.

. It was decided to investigate what negative ions could be observed in the simpler

boron hydrides; dlborane, tetrabora.ne, a.nd pentaborane.

Because the spectrometer is stlll in the construction stege,‘some of the re-
finements normally found on conventional instruments are 1gck1ng,_so that the
results obtained are necessarily of a qualitative nature. Nevertheless, it was felt

that the observations were sufficiently interesting to warrant reporting.

Experimental

The important features of the basic experimental arrangement are shown diagram-—
matically in Fig. 1. The gas to be analyzed flows from a bulb at room temperature
into the ion source through a Granville-Phillips leak. The ion source, which is
similar in design to one described by Von Zahn,6 has an electron beam energy
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variable from 0 - 100 volts. There are no provisions for measuring pressure,
temperature, or ionizing current in the ion source. The ions are focused and
accelerated to 50 - 100 volts, and mass analyzed by a quadrupole mass filter with a
length of 10.0 inches and an r_ of 0.27 inches. Mass scanning is accomplished by
varying the RF and DC voltages to the quadrupole. The resolution of the quadrupole
is electronically varieble. The ions are then accelerated to 600 volts and detected
by a Bendix Channeltron continuous electron multiplier.

Because of the absence of slits in the mass spectrometer, the prelatively open
nature of the ion source, and the high sensitivity of the detector, it is necessary
to reduce the background from scattered electrons reaching the detector. This is
accomplished in two ways: first, by establishing a weak magnetic field to deflect
the electrons but not the ions; and second, by pulsing the electron beam. The
ionizing beam is pulsed at 10 kc by applying a L0 volt pulse to the first lemns of
the electron beam. The beam "on" time is 10 microseconds. After a delay of 5
microseconds, the second pulser sends a one volt pulse to turn on the transistor-
ized "AND" gate for 20 - 30 microseconds. Only those pulses which arrive at the
gate during this interval are sent on to the ratemeter. At the voltages used, most
of the electrons arrive at the detector within one or two microseconds; the flight
time of the negative ions, however, is of the order of 10 - 20 microseconds. Thus,
the signal to the ratemeter is primarily due to ions, with a drastic reduction in
the electron background. The output of the ratemeter is plotted versus the DC
voltage on the gquadrupole with an XY recorder. A signal of five ions per second
can readily be observed. A typical plot, shown in Fig. 2, is the lower portion of
the mass spectrum of the negative ions of pentaborane.

All the boron hydride samples were purified by distillation in a vacuum
system. The diborane was trapped out at -154°C. The tetraborane was purified in
three steps: pumping off hydrogen and diborane while trapped at ~130, passing
through a trap at -95 to condense the pentaborane and the higher boron hydrides,
and finally condensing at -196. The pentaborane was similarly purified: pumping
off diborane and tetraborane at -98, passing through a trap at -79, and flnal trap-
ping at -196.

Results and Discussion

The results are shown in the bar graph in Fig. 3. The narrow bars represent
peaks which have been multiplied by a factor of ten. All measurements are for 70
volt ionizing electrons. The monoisotopic mass spectrum was computed assuming the
natural Bjg/B;; distribution of 20/80, and also assuming that there was no isotope
effect in loss of hydrogen from Bjg versus Bj). In nearly all cases, the veak
heights from which the monoisotopic spectra were calculated were an average of at
least three measurements, with separate measurements in agreement within 10%. In
calculating the monoisotopic spectrum, the system is "over-determined," i.e., there
are more equations than there are unknowns. This provides a means of checking the
internal consistency of the results. For every case except two, the self-consis~
tency deviation was less than 2%, and in all cases less than 10%. On the basis of
these considerations, relative intensities within a group of peaks, e.g., BsHg »
BgHg , BgHy7 , etc., should be accurate to i_lO%. In comparing pesks between
different groups, however, it is more difficult to assign limits of error, for the
spectrometer may favor the observation of low masses over high masses in certain
cases. One can observe this "discrimination" in the positive ion spectra, and it
appears to be primarily a function of the resolution of the quadrupole. It is
possible, however, that the continuous electron multiplier and the ion source &lso
mass discriminate, perhaps differently for positive and negative ions. Since the
signal from the multiplier is analyzed as pulses rather than current, mass discrim-
ination by the detector should be minimized. The exit holes in our ion source are
rather large, and it would be expected that discrimination here would also be
negligible. Thus, if it is assumed that the discrimination effects are the same
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for positive and negatlve ions, approximate corrections can be made. At worst, the
relative intensities throughout the whole, spectra are probably correct within i?S%.

Although reasonable precautions were taken to assure the purity of the sample
in the’ diborane spectrum, peaks corresponding to B3H7 and BjHg were observed.
These could have arisen either from ion-molecule reactions, from pyrolysis of the
diborane as the sample flowed into the source, or from impurities 1n the diborane.
The latter is improbable, for in a positive ion spectrum of the samé sample in the
same spectrometer, the tetraborane peaks could be observed only with difficulty.

It was estimated on the basis of the positive ion spectrum that the tetraborane
impurity could be no greater than one part in five hundred. In the negative ion
spectrum the peaks corresponding to B3H; and B,H; were of almost equal intensity.
It should be noted, however, that in comparing the diborane and tetraborane samples,
it was much easier to observe the negative ion .peaks from tetraborane, which were
lafger by avout two orders of magnitude.

There are several mechanisms by which negative ions can be formed. The tradi-
tional processes are as follows:

1. Ton pair formation: XY +e »X' + 7Y +e
2. Resonance attachment: =~ XY + e > XY _
3. Resonance attachment with dissociation: XY+ e —~-X+Y

In addition,a process somewhat like the third mentioned above can be imagined, in
which the neutral species is left in an excited state which in turn decays to an
ion pair. . Also, a negative ion may fragment, giving rise to a neutral species and
a new negative ion.
L., Excited state decay: XYZ + e - XY* + 2~
xy# > xt 4 Y7
5. Fragmentation:. XY > X + Y

Using the above scheme, and assuming that the fragments most easily lost are
BH, , BH3 , and hydrogens, most of the more intense peaks in the negative ion boron
hydride spectra can be accounted for rather well in the following manner.

Possible Modes of Fragmentatlon of leorane

BoHg + e + BHM + BH2
> E;Hs + H*
or » BoWc* + H
B2H5 hd BzHa + 2H
or ByHg* » B3~ + Hy"
BzH3 hd B_ + BH3

The underlined peaks are the four most intense in the diborane mass spectrum.
The other peaks come from loss of hydrogens, either singly or in pairs, from the
above species.

Possible Modes of Fragmentatlon of Tetraborane
BHHIU + e > Bhﬂg + H
+ B Hg* + H
Bqu -> BQH7 2H
‘BuHg* > B3l BH,"
B3H;™ = Bafls~ + 2H
B3H7 > Bzﬂg BH3

+ 4+ + +

This scheme accounts. for all of_the peaks with an observed intensity of
greater than 1%, except for the B2H3 peak vhose intensity is 1.1%, and which could
be due to a diborane impurity.
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Possible Modes of Fragmentation of Pentaborane

BgHg + e » BsHg

=93 +
hd Bsﬂg- + H +
nd BL‘H-]" + BEZ
_ BgHg* + H
Bghg > B§H§_ + 2H
. ~ B Hi_ + BH;
Bsﬂs g Bﬁﬂﬁ + Hz
> ByHgm + BH,* !
BgHg B£H3- + BHj3
BqHG_ > BaHa— + BH3
etc.

In support of thefabove mechanism, the data in Table 1 can be cited.

Table 1
Abundances of BH2+ and BH3+ in Some Boron Hydrides
Diborane’ Tetraborane® Pentaborane®
BH," 19.1 7.0 12.2
BH3t .59 .6 -

(These ion intensities were ~btained with 70 volt electrons, and are given in
percent relative to the most intense peak in the mass spectrum for the campound in
question.) .

Thug, it can be argued that the loss of BHy, is much more likely than the loss of
BH3 . The loss of BHj3, however, at least from neutral species, is fairly well
established in & number of reactions.l9 It should not be too surprising if BH3 can-
also be readily fragmented from negative ions.

- Tt is tempting to question the necessity of invoking the excited state decay
process (L) described above. For example, can the formation of the B3jH; not be
simply written as a resonant attachment process with the dissociation of BH3?
Although this is certainly possible, one or two points argue against this mechanism.
First, at the electron energies used, a resonant process of this type would not be
expected to be of primary importance. Secondly, one might inquire why the pair
ionization process, ' _ +
BuyHig + e >~ B3Hg + BHy
is not observed, especially in view of the fact that the analogous process seems to
be the predominant one in diborane. Indeed, the pair ionization process is the one
which is expected; it is disturbing that it is not seen in view of the stability of
B3jHg 1in solution and in the solid phase. The structure of BjHg is known from
x-ray work, and there is ample theoretical and experimental justification for its
exigtence.ll On the other hand, we have found no evidence in the literature for
B3aH;. The question arises as to whether an error can be made in the mass assign-
ments. The marker campounds used were Oy and Hy0, giving rise to the 0, , OH , and
0 peaks, which were always present in the background. Considerable care was taken
in making the mass assignments, so that unless some unknown instrumental or chemi-
cal processes were occurring of which we are unaware, the given assignments are
correct. Therefore, granting that the reported observations are valid, and accept-
ing the notion that pair ionization should be the dominant process at higher elec-
tron engrgies, and further noting that the BH, ion is much more predominant than
the BH3 in the positive ion spectrum, it seems necessary to invoke some mechanism
analogous to (L). Perhaps further weight can be given to this argument by noting
that the parent peak is not observed in tetraborane, suggesting that a loss of
hydrogen is a strongly favored process in the electron impact situation.

The present work suggests several further experiments vhich should be carried
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out to answer some of thé questions which have been raised here. An investigation
of metastable negative ions on a magnetic sector instrument should prove useful in
confirming or negating the fragmentation scheme postulated above. A careful study
of the diborane spectrum, either in a tandem instrument, or with an ion source in
which’ one could be sure that pyrolysis is not taking place would be necessary to
remove the ambiguity in the observation of tetraborane—in the diborane sample;
whether the peaks above diborane are due to impurities, or whether they do in fact
result from ion-molecule reactions. Perhaps most useful initially ‘would be an
investigation of the boron hydride spectra at low electron energies, where resonance
attachment becomes the dominant process. Ideally, one should study the spectra as
a function of energy; the clastogram techniq_ue12 might prove valuable in sorting
out the various processes occurring. We made some attempt to work at low electron
energies, but largely without success. Since we are unable to measure the ionizing
current, i.e., keep it constant as a function of energy, we would have little con-
fidence in an appearance potential measurement, particularly since the background
from electrons again becomes a problem at low electron energies, whem they can be
pushed out of the ionization chamber by the repeller.

‘Reese, Dibeler, and Mohler have reported on the spectrum of pentaborane, in
which they observed the resonant attachment process in the parent ion.!3 Although
their relative intensities are different from those which we observed, this is
probably not surprising, in view of the different energies of the ionizing electroms

in the two cases. Curiously, however, Dibeler does not report any of the lower
fragments for pentaborane.

In conclusion, it is evident that the lower boron hydrides do form negative

In certain circumstances, the abundance of these ions may be great enough so
that they would have to be taken into comsideration in mass spectral, radiation, or
gaseous discharge phenomena. It is also clear, however, that more than a mere qual~
itative study of these negative ions will be necessary for the camplete understand-
ing of their roles in these situations.’

ions.
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Figure Captions

Fig. 1. Block diagram of the mass spectrometer.
Fig. 2. Lower portion of the mass spectrum of the -negative ions from pentaborane.

Fig. 3. The monoisotopic relative abundances for the negative ions fram diborane,
tetraborane, and pentaborane.
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INTERACTIONS OF EXCITED SPECIES AND ATOMS IN DISCHARGES
* .
Robert A. Young and Gilbert A. St. John

Stanford Research Institute
Menlo Park, California

ABSTRACT

The influence of atomic nitrogen on the concentration of N2(A3Zt) excited in
nitrogen by a weak discharge has been studied. It was found that (1) a high-order
process involving atomic nitrogen destroys N2(A3Zt), (2) a process utilizing
.species, other than atomic nitrogen, created in the discharge removes NZ(A3Et), and

(3) a process involving atomic nitrogen and another excited species produces
Np(adh).

It was_also_found that NO rapidly quenches NZ(A3Zt)' with a rate coefficient

. of 3 x 10711 cm3/sec. A quarter of the NZ(A3ZK) destroyed excites NO to the

AZz+ v' = 0 level.
INTRODUCTION

Nitrogen subjected to an electrical discharge at low pressure has been a subject
of study for over 70 years. In general, phenomena occurring in the discharge itself
have been studied in static systems, while phenomena caused by long-lived species
generated by a discharge have been studied in fast-flow apparatus. -

In all these phenomena there are apparently two classes of reactants involved,
atomic species and excited molecules. Recombination of atoms accounts for most of
the long-lived afterglow phenomena, while the latter are necessary for much that
occurs during the discharge and shortly (v 10 m sec) after its termination.

In both the discharge and the long-lived afterglow, molecular nitrogen in the
A3Et state is suspected of playing an important role. This 1s because it is
metastable, it is the lowest electronic state of Ny, it is supposedly easily
excited in a discharge, and it is a necessary result of atom recombination. However,
emission from this state of N;, the Vegard-Kaplan bands, is exceedingly difficult
to observe in these phenomena. In fact the Vegard-Kaplan bands have never been
observed in the long-lived afterglow, and only under very special circumstances in
the discharge or in the short afterglow.

Recently1 we attempted to observe the Vegard-Kaplan bands in the long-lived
(Lewis-Rayleigh) nitrogen afterglow. This afterglow is almost entirely due to the
first positive bands of Ny which terminate on the A3Zt state., The flux of this
radiation represents a minimum rate of production of NZ(A3E+). From our_failure
to observe the Vegard-Kaplan bands, from the radiative lifetgme of the A Zt. gtate
(% 10 sec) and from the sensitivity of detection, an upper limit to the actual
lifetime of NZ(A3Z¢) in the afterglow of 5 x 104 sec was derived.

This result implied that collision processes were removing NZ(A3Z:). However,
it is known that Nj does not quench NZ(A3Et). Aside from N;, atomic nitrogen
is the largest constituent present, and we conjectured that it was responsible for the
short lifetime of N,(A3r}). .

**This work was done under Contract DA-31-124-AR0-D-434. .
* Visiting Fellow, Joint Institute for Laboratory Astrophysics, 1966-67.
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This paper describes experiments aimed at investigating the hypothesis that
atomic nitrogen‘ as well as several other compounds (NO, CO, NHj, Hz), effectively
destroy NZ(A T ) ] - ; .

EXPERIMENTAL - ATOMIC NITROGEN INTERACTION

Nitrogen was excited by a pulsed or continuous 150 ke, 10 kV oscillator (of the
‘type used in high-voltage supplies) in a 5-liter qudrtz bulb with simple one-eighth
inch tungsten rod electrodes separated by the diameter of the bulb. A one-half-meter
Jarrel-Ash Seya-Namioka monochromator was used to scan the discharge spectrum or to
isolate bands for decay measurements. Signal levels were very low, and an
Enhancetron signal integration unit‘ was used to abstract the decaying signal from
the noise. . -

Prepurified nitrogen was peseed through'a liquid nitrogen trap, then through
heated titanium-zirconium and two -additional 1liquid nitrogen traps, past a microwave
excitation section, an NO titration inlet, and finally into the 5-liter observation
bulb, from which it was exhausted by a mechanical vacuum pump at approximately 100
cm3/sec. A filtered photomultiplier downstream from the bulb observed the N, first
positive bands resulting from atom tecombination.? . This permitted the atom concen-
tration to be computed after calibration against an NO titration.

RESULTS INVOLVING ATOMIC NITROGEN

Figure 1 shows spectrometer scans of the discharge. In Fig. la the N, second
positive and NO Y bands predominate below 3000 A. The B bands were the only
other system of NO detected, and these were very weak. If the microwave discharge
is adjusted to produce a small quantity of atomic nitrogen, the NO .bands can be
suppressed almost entirely (Fig. 1b). Although the Vegard-Kaplan bands are also
reduced, the second positive bands remain relatively unchanged. Addition of NO
causes a large increase in the intensity of the NO y bands (Fig. lc).

~ Figure 2 shows the decay of the (0,5) Vegard-Kaplan band and' the (0,3) NO
band with the addition of atoms, i.e., when the upstream microwave discharge was on.
The decay of the NO Y bands is identical to that of the Vegard-Kaplan bands.

Figure 3 demonstrates the buildup and decay of the (0;5) Vegard-Kaplan band
‘when the 150 kc digcharge is turned om and off; the rise and fall of this band
‘involved the same exponential

Figure 4 indicates the rate of deéay of the Vegard-Kaplan bands as a function of
pressure without added nitrogen atoms.

Figure 5 shows the dependence of the Vegard—Kaplan decay rete on [Nf2 derived
from the dounstream photomultipliet.

Figure 6 illustrates the pressure dependence of the rate coefficient for
de-excitation of NZ(A3Zu) by atomic nitrogen. .

Figure 7 is a plot of the growth rate constant of_the Vegard-Kaplan bands,
after the discharge is turned on, as a function of [N] .

Figure 8 shows (I1,/I),, as a function of atomic mitrogen, where Iovk is . the
intensity without added atoms and where 1 vk is the intensity with atoms.

. Figure 9 indicates the decreased number of nitrogen atoms leaving the quartz
bulb due to the discharge.
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DISCUSSION. OF -RESULTS PERTAINING TO ATOMIC NITROGEN

The observéﬁions.indip§te that during decay

—t/t .
/Ta

. P :_.: .34 Tt
where
1 1 2 . B
T BTt Ko{N]" (M1 . (2)
. . . a ° . i . . .
with K ¥ 4 x 10-'["-2 cm9/sec. Neither 1. or- 1 can be the.radfative lifetime of

N2(A3Zt) ‘which is * }10.sec. 2 - °
The differential equation describing the time dependence of [NZ(A3Z:)] is
ai,a’thyr s
— gy — = P-L.NyAL)] (3)

where L contains all factors other than 3[N2(A3Z$)] such as collision partner
concentrations, rates of radiation or diffusion, etc., that are involved in processes
removing N2(A3Z$), and where P is the rate of production. Substituting Eq. (1)
in Eq. (3) gives

-t/

3.+
WDl e ° -y =P, @
- T -
a
Then either
1
L = — and P =0 (5)
Ta
or .
. -t/
P _ a i
w-Lmakh, T T ©
T2 u’ "o
a
_ e —t/ra .
In the latter eventuality L > 1/t1_, - since neither P nor ‘e can be negative.

If L 1is comparable to 1/t,, it must be essentially constant in time, while if it
is large compared to 1l/t,, - :

P '—‘t/‘l‘a :
—— - . : _t)
L [N T :

Since all constitutents of the system probably decay when the power input is
stopped, 1, would be characteristic of the decay of a reactant concentration
involved in P to a higher power than in L, while other reactant concentrations
are either. constant or common to both P and L. The previous statement would be

true if.a product of reactant concentrations replaces a single reactant concentration.

Since 1/1a changes by almost a factor of - 10 over the range of [N] wused,
either L >> 1/1a for small [N] and hence P/L [N2(A3Z$)]o = e‘t/Ta, or L
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closely follows 1/t in debendence on [N], ‘i.e.,

last possibility will be deferred.

In the former case

L « 1/1,. Discussion of the

and [NZ(A3E$)] must be essentially in’'a quasi-steady state with its production
rate, i.e. T, refers to the decay of P. Since [NZ(A33:)] is not strongly
deactivated by pure Ny, L would certainly not increase when the energy of the

system dissipates as would be necessary if P did not decay.

[N2(A 2:)] appears to remain exponential for all values of [N] and because T,

is a smooth function of [N]3
the decay of P with [Np(AL})]

and remain constant for times long compared to those where [N2(A3Zt)] is detectable.

in a quasi-~steady state. For this to be true
some species capable of deactivating N2(A3it) must be generated in the discharge

The most abundant chemical species generated by the discharge is N; the most
abundant excited molecule is NZ(A323) -~ except possibly for the 34 state of N

which has not yet been directly detected.

Only atomic nitrogen appears to be a

realistic choice for the species which decays slowly and would keep L >> 1/T,.

However, a difficulty arises in the interpretation with L >> 1/t

L must be very large indged

Because the decay of

then L > 1/7_ (max) -if the data are;interpreted as

if we consider

the observed behavior of [N2(A3 t)] when the discharge is turned on. The rise of

[NZ(A3Zt)] to a steady state is

describable by

-t/1

m,GED) = myeTh] a-e  F .

If this is substituted into Eq. (3), we obtain

-t/T
/a

3.4+ N
[N2(A Zu)]o ((1/13) - L) e = pP-1L

1f -1/7, = L
P =P, = (IN2(A3TH)] /1) if L

Pos N(ID], U, - 1) (e

If L >> 1/10, P' is positive;
from Py to 0. A decrease of

and certainly not with an exponential behavior identical to that which occurs when the

, then P =L [Ny(aA’zH]

.0

3.+
N, (A7) -

= P, a constant in time. When t = O,

# (1713), and if P =P + P', we obtain

and if L << 1/14,

-t/
a _ 1

(8)

9

(10)

P' is negative and P ranges
P from P, is not expected during the discharge

discharge is turned off. Hence of the two possibilities, when L # 1l/1,, L >>1
is the only one tenable during the excitation discharge.

Since P,
charge is turned off, so that P

previously given on the assumpti

would be reflected in a rapid fall of [N2(A3X¢)] which is not observed. Hence this
a constant, during the discharge and

contradiction forces L = 1/1,

follows the discharge transients, it must become zero when the dis-

changes rapidly compared with T, from P_+ P
to P'. But this is inconsistent with the interpretation of the decay of [BZ(A3

on that L >> 1l/1,

and P = Po,

L=1/1; and P = 0 after the discharge.

because this rapid fall in P

During the excitation discharge a steady state is reached, and

P

- 3+
= T on,eE))

I1q

)

1

{
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where the bar ‘indicates values constant in time. Then indexing all quantities with
a subscript 1 yhen atoms are not added and with N when they are added, we obtain

L (VK) -
1
2 - L EN— = 0.75 4+ Qa[N] (12)
Lk 51 :
N 1 !
where the last equality uses the results-of Fig. 8. Hence L involves [N] to a

higher power than does P... Thus Ty cannot refer to the decay of [N]. This is
consistent with the usual slow decay of [N]. ’

) Since ‘EN is essentially proportional to [N] these results imply that
is proportional to [N]. 1If this additionmal productlon of N2(A L ) utilizes

_nitrogen atoms on a one-for-one basis, [N] must decrease in passing through the
discharge, i.e., :

Py

[N, - LIN] . ot = [N] 13

out

where At 1is an average residence time, where L[N],,r represents the rate of atom
removal, and where mixing is rapid compared with reaction. This leads to

(N], = [N]

in (1 + Lat) (14)

out
or,

[N] = [N]out LAt ) (15)

which is the general form observed.

From Fig. 9 we can obtain L (using At & 50 sec), and from Fig. 8 with a slope
of (KPP, [N ]1/L), we can also obtain L if KToPo[NZ] can be found. A comparison
of L derived from Fig. 9 and Fig. 8 is then possible. Since P = l 2(A Et)]/ro,
absolute measurements of [NZ(A3 )] derived from I(VK) = ([N2(A Zu)]/rr) where
Tr is the radiative lifetime of the excited state give ToP'

The absolute intensity of the 0,5 Vegard-Kaplan band in the discharge bulb can

. be roughly obtained by measuring its signal and calibrating the spectrometer response

using the NO y (0,3) band excited by the chemiluminescent association of N and O
in conjunction with measurements of [N] and [0] and the known rate coefficient for
these processes. In general, the comparisons of L derived from Figs. 8 and 9 show
that if nitrogen atoms are consumed in the excitation of N (A3zu), then several
hundred times more atoms need to disappear than in fact are destroyed. This implies
that nitrogen atoms are not consumed but catalyze the production of N2(A32u) in
conjunction with other species generated in the discharge.

A similar argument can be used to show that atomic nitrogen is not consumed in

- destroying Nj(A Z*) For example, there are often as many Nz(A3z+) molecules as

N atoms; these would be seriously depleted during the decay of N2(A3z$) and thus
would lead to a nonexponential behavior.

. +

The short lifetime of Nz(Aazu) in the discharge (Fig. 4) cannot be due to atoms
because their concentration, as inferred from downstream chemiluminescence measurement,
is too small, Furthermore, the pressure dependence of 1, is incompatible with atom
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deactivation. Hence, some species is produced in the discharge in addition to atomijc
nitrogen which is capable of rapidly deactivating N2(A3Z$). This species persists
for times long compared to T, :

The results of these experiments indicate that geveral unusual processes are
occurring: (1) a high-order process destroying Np(A Zﬁ) which involves atomic
nitrogen; (2) a process utilizing species, created in a discharge other than atomic
nigrogen, which removes NZ(A3Z$); and (3) a process involving atomic nitrogen and
another species generated in the discharge which produces NZ(A3Zt)ﬁ These processes
are in addition to electron excitation and radiative destruction of NZ(A3Z$). Several
possible reaction schemes can be constructed which are consistent with our observations.
However, without positive identification of all the species created in the discharge
and the intermediaries necessarily involved in high-order processes, these reaction
schemes are speculative. It seems best to postpone discussions of these until more
experimental information is available.

EXPERIMENTAL REACTIONS INVOLVING NO

For experiments on the effect of NO on N2(A3ZI), three photomultipliers were
installed downstream from the RF excitation bulb to observe chemiluminescence. One
photomultiplier had an interference filter centered on the strong bands of N2 at
5800 A, a second (called the yellow detector) observed radiation at wave lengths
longer than 5200 A, and a third (called the ultraviolet detector) observed emission
between 3800 A and the pyrex cutoff. The first two photomultipliers are sensitive
to the N, first positive bands excited by recombination of atomic nitrogen and to
the NO2 continuum excited by reactions of O with NO, while the ultraviolet
photomultiplier is mainly sensitive to the NO, B8 bands excited in the association of
atomic nitrogen and oxygen. These photomultipliers were calibrated by generating
nitrogen atoms in the microwave discharge and titrating them with NO. It should be
remembered that all emission observed in the downstream bulb is of chemiluminescent
origin,

RESULTS

Figure 10 shows the decay rate when the exciting discharge is turned off from the
0,3 NO y band, and the 0,5 Vegard~Kaplan band as a function of atomic nitrogen added
by the upstream microwave discharge.

Figures 11 and 12 show the intensity of the 0,5 Vegard-Kaplan band, the 0,3 NO y
band and the 0,6 NO 8 band in the discharge bulb as a function of the NO concentration
that would have existed in the stream if no destruction of NO occurred. Also shown
are the responses of the yellow photomultipler.and the ultraviolet photomultiplier,
both of which are located at the downstream bulb.

Spectrometer scans of the discharge without adding NO and on the plateau of
Figs. 11 and 12 are shown in Fig. 1.

Figure 13 is a plot of the area intensity ratio of 0,3 NO v/0,5 Vegard-Kaplan
bands as a function of NO added beyond the null and as a function of the relative
response of the yellow phototube to the NOj; continuum. Figure 14 is similar to Fig.
13 but involves the 1,10 Vegard-Kaplan band and the 3,0 NO y band.

DISCUSSION

The simultaneous decay of NZ(A3ZI) and I_, the intensity of the NO y bands,
suggests that NO 1is excited in the process

No(x’m) + N, (A’Lh) no(a’th) + ny D). (16)
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The initial decrease of the signals from the yellow downstream photomultiplier
is due to NO titration of nitrogen atoms produced in the exciting discharge, i.e.,

N + NO » N2 + 0

(17

The null point represents the complete conversion of nitrogen atoms to oxygen atoms.
The concentration of these atoms derived from the amount of NO added to reach this
null is consistent with the intensity of the first positive bands before NO addition,

The linear rise of the yellow sensitive photomultiplier after null is due to

NO + O ~» NO2 + hv

and indicates that O is essentially constant.

There is a slow increase of the NO y and g bands in the excitation bulb
of the slow increase in the actual steady-state concentration of NO which is
tained by

N+O0O+M-»> NO+M

NO+ 0+ M~ NO2 + M

NO + O » NO + 02
and reaction (16), i.e.,

k
(NO] = —1;1—9- (0] M .
7

(18)

because
main~

19
(20)

(21)

(22)

When [N] goes to zero, this steady state cannot be maintained, and NO in the stream
increases as expected for no reaction of NO. In the reaction time available reaction

(20) does not significantly alter either [0] or [NOJ.

As [NO) increases sharply after the removal of N, the NO y and B bands increase

sharply in the discharge and the N, Vegard-Kaplan bands decrease rapidly.

Ivk

n

3.+
LPCORI A

-
)

[NO(A2£+)]/TY

for excitation in the discharge bulb, and since

o, = Fug, 0] (0]

Since

(23)

(24)

(25)
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for chemiluminescent excitation in the downstream bulb, reaction (16) implies

_ - “16™n0, TvkTvk
1 = = =
. klb[NO][Nz(A zu)] k16[NO] Lok Tok [O]KN (26)
. ; 0,
. 2.+ . . .
if NO(A"Yr ) 1is only deactivated by emission. : - ;
Since 0 1is constant,
-IJ- .
« 1 . 27)
Ivk N02

This is true, as Figs. 13 and 14 show. In these graphs intensities are not absolute, -
but relatlve. :

To obtain from Eq. (26), we must experimentally relate the emission

. intensities more élrectly to the concentration of the emitting state. If I(0,3)

represents the absolute intensity of the 0,3 y band of NO and similarly for the
Vegard-Kaplan bands, then Eq. (11) becomes

IY(0,3) ) le[NO]Tkavk(O,S) : (28
%(m3) £,£0,5) 8
where f (0 3) 1is the fraction of all emission from the v' = 0 level which terminates
on the v = 3_ level and similarly for v (0,5) and where T, is the radiative life-
time of the A3E state6 and B represents Ehe fraction of all kN (A3Zt) which are in
v' =0, Only v' =1 and O are detected by their emission, ang B is found to be

one half and constant. Then

£ (0,5 Bly(0.3)

k = . (29)
16 fY(0,3)Tvk Ivk(O,S)[NO]

The parameters in parentheses depend only on-the internal characteristics of the
molecules and have previously been measured® as Tvkv= 20 sec, (0 5) = 0.17, and
£ (0 3) = 0.14. Hence

0.03 I_(0,3)
oy

Y16 ~ TOIL_ (0,5 -

(30)

To obtain k only the relative intensity of IY(O 3) and I, (0 5) are
required. - Since %gese bands occur very near each other in the spectra of the discharge,
their relative intensity is equal to their relative signal level. Hence k16 is 0.03
times the slope of the line in Fig. 13, i.e.,

kg = 0.03 L1x107) = 3x107 ca'/sec . 31)

This rate is much larger than that reported by Dugan.7
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The existence of the g bands and emission from higher vibrational levels of the

NO(A2L*) state indicate that this rate is a lower bound to the rate of energy transfer
from N2(A3Zt) to NO(XZH). There are several states of NO accessible in an

energy exchange involving N2(A3Z+) -- the a“ﬂ, bAH, b“z‘, as well as the A2gt
and B2Nl which are revealed by their emission.

- +
The total rate of de-excitation of N2(A3Zu) can be estimated, since we know,

in the absence of NO, its deactivation rate is 1/t = 50/sec, and the intensit
of the Vegard-Kaplan bands is reduced by half when [NO] % 7 x 1011 holecules/ cm ,
i.e., 50 = kl6(7 X 1011), in other words

ki6 = 7x 10_ll cm3/sec (32)

or essentlally a quarter of all the N (AL ) deactivated leads to excitation of the

vl

= 0 level of the NO(A2rt).

It is apparent from the spectra that excitation of the AZZ state of NO by

N2(A3Z+) decreases in efficiency as v' increases in the NO molecule, becoming

very small for v' = 3 which is the highest level observed. This level can only be
excited by N2(A3Z+ v = 1), while the v' =2, 1, and 0 levels of the No(aZzth
state can be exc1ted by N (A3Zu = 0,1). Using the data in Fig. 14, we can obtain

the rate coefficient of

as

kl6(1,3)'= 10

N2(A32: v' = 1)+ NOPD) > N, (k') + no(alET v = 3) (33)
-13

cm3/sec.
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Chemiluminescent Reactions of Excited Helium with Nitrogen and Oxygen

Mark Cher

North American Aviation Science Center, Thousand Oaks, California 91360

Abstract - R

Active species created in a fast flow of helium by a micrdwave discharge
‘react outside the gischar e with nitrogen or oxygen causing the emission of
visible bands of N_ and O_..  The emission intensity of these ‘bands decays
exponentially with distance; and the decay coefficient depends on both the
flow rate of helium and the flow rate of hitrogen'or oxygen. At constant
flow rate of helium the decay coefficient increases with increasing flow rate
of added gas, but the dependence is less than linear. A theoretical analysis
of the flow system predicts the exponential decay and a linear dependence
between the decay coefficient and the flow rate of added gas. Comparison of
the experimental and theoretical results permits the calculation of approxi-
mate values of the rate constants for the reactions populating the emitting
states and the diffusion coefficients of the excited helium species., A
plausible explanation and a means for removing the discrepancy between the
experimental and theoretical results ‘are suggested.

Introduction

Long lived reactive species, prbduced when helium gas is subjected to an
electrical discharge, react with many other gases and generate characteristic
emissions_of vigsible light. The nature of some of these cheTi}umihescent
reactions has been discussed recently in a number of papers. :° The reaction
with nitrogen gas produces‘anzigtensa gright blue flame consisting of the
first negative system of N_(B"Y ~ X"X ). With oxygen a bright yellow-green
fiamg is obﬁervgd due to tﬁé extitatiofl of both the*fiﬁst neggtive system of
Oz(b I = an) and the second negative system of O_(A"m ~ X"m ). In this
paper We report the results of our measurements of %he s%ecial 8ariation of
the emission intensity in a fast flow system for various flow conditions, and
show how these measurements can be used to evaluate the rate constants for
the reactions populating the emitting states. ’

Apparatus. The reaction cell and associated equipment are shown sche-
matically in Fig. 1. The reaction cell consisted of a pair of concentric
pyrex tubes 13 and 25 mm o.d. Helium flowed through the inner tube. The
titrating gas was introduced into the helium stream via the outer tube
through eight I mm diameter holes located syﬂmetrically in the wall of the
inner tube. High velocity flows of about 10 cm/sec were maintained by a
mechanical vacuum pump rated at 425 liters/sec. The flow rates of the gases
were measured using a pair of calibypated critical velocity orifice flow meters
described by Andersen and Friedman. The pressure in the reaction cell was
taken as the average value measured by two oil manometers located approxi-
mately 20 cm upstream and downstream from the flame 2zone. The temperature
was determined in separate experiments by means of a fine wire thermocouple
sealed from the outside with black wax. The observed temperature was deter-
mined primarily by the pressure of helium in the discharge, and was nearly
independent of the nature and flow rate of the added gas.

The discharge gn the helium stream was excited by a 2450 Mc/sec cavity
of the Evenson type” powvered by a 125 W Raytheon diathermy unit. The cavity
was located 85 mm upstream of the injection holes. A metal shield excluded
the active discharge from extending into the flame zone.

Spectra and intensity measurements were made with a 500 mm Jarrell-Ash
Ebert spectrophotometer using an RCA 1P21 photomultiplier tube. A pair .of
large condensing lenses served to focus the image of a cross-section of the
flame on the entrance slit. The gspectrophotometer was mounted on a table
which could be moved at constant speed parallel to the axis of the tube. In
this way the intensity of the flame was recorded as a function of distance
along the tube.

<
N
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All gases were taken directly from the commercially available high pres-
sure cylinders. The stated concentration of impurities in the helium tanks
was 50 ppm, with Nz being the major contaminant.

Interpretation of Data
We .assume that an excitsg heligw species X* reacts with N_ or O_ to give

the electronically excited N or O_ , and the latter immediately decays by
emitting a quantum of light, as indicated by reactions (1) and (2)
- +* - B
lX + N, =N, X (1)
+ ¥ +
- 2
N, N, +hvy (2)

. . .
At this point the idsntity of X remains unspecified. X could be for

example metastable 2°S helium atom, in whigh case X represegta a ground state
He atom plus an electron. Alternatively X could be the He_ molecule, and X

~would then represent two ground state helium atoms. For simplicity we assume

that under any one set of conditions only one excited helium species is
dominant, although we can+gxpect+§everal processes occurring simultaneously.
The natural lifetime of N or O is short compared with the time scale of
the experiment, and thus %he emission intensity is proportional to the rate
of reaction (1). If the concentration of nitrogen is uniform and constant
along the tube, which should be the case after some distance of travel to
effect complete mixing, the decgy in intensity with distance should parallel
the decay in concentration,of X . We therefore need to derive an expression
for the concentration of X as a function of position.

We consideg a semi-infinite cylinder of radius r,e Let n be the con-
centration of X and N the concentration of the added gas, say N_. We assume
tpat the two major mechanisms responsible for the decay of n are diffusion of
X to the walls where n=0 and the chemical reaction represented by Eq. (1).
Under these conditions the rate of change of n is given by

uﬂ= DVzn- kNn (3)
. ax
where u is the stream flow velocity, x is the axial coordinate, D is the dif-
fusion coefficient of X , and k is the specific rate constant for.reaction (1).
Since transport along the axial direction by convection is much greater than '
by diffusion, we need only consider radial diffusion, and for this case the
solution of the axial part of Eq. (3) is

n(x) = n, exp[- <;D-2- + kN)-ux-]. (4)

A, the characteristic diffusion length given by A = ro/z.k05, is obtained from
the solution of the ragial part of Eq. (3) using the assumed boundary condi-
tion n=0 at the walls. The radial dependence of n(x) is taken care by
the experimental arrangement, since the photomultiplier tube views an entire
cross-section of the flame, and its response is proportional to the average
intensity., The flow velocity u and the concentration N are calculated by
Eqs. (5) and (6)
5 .
u = RTIF/pﬂro (5)
N = (F /IF)(p/RT) (6}

where p is the pressure, T is the temperature, F, is the flow rate of the
added gas in moles/sec, and ¥F is the total flow rate, which in these experi-
ments is essentially equal to_the flow rate of helium. If the emitted inten-
sity 1(x) is proportional to n(x), it follows that a plot of ¢tn I vs. x should
be a straight line with slope )
(D_p ) (2.405)°n pr :
dinl =S = ) + kM o F (7
dx 760 IFRT RT/ N .
In Eq (7) we make use of the fact that D is inversely proportional to pressure
and (Dopo) is the diffusion coefficient at pressure 1 mm Hg. Using Eq (8) it
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should be possible to evaluate k and Dopo from the variation of S with flow
rate of added gas.
Results
Measurements of intensity vs. distance were recorded for nitrogen at
3915 A and for oxygen at 5587 £ and 4116 £. These wave lengths are the heads
of intense vibrational bands of the first negative system of N_, and the first
and second negative systems of O,. Typical flames were 2-10 cm in length, and
over this distance the intensity varied by nearly a factor of 100. Plots of
the logarithm of intensity vs. distance demonstrated a linear behavior over a
50 fold change in intensityj-as predicted from Eq (7). Negative deviations
from linearity occurred in the region within 0.5-1.0 cm from the injection
ports, this no doubt resulting from incomplete mixing of the reactive gases.
The slopes of the linear portions were plotted against the flow rate of the
" added gas, and the results are shown in Figs. 2-4. It is evident that these
curves are not linear over the range of flow rates covered, as expected from
Eq. 8, but rather show a pronounced downward curvature. We have provisionally
taken the extrapolated intercepts and the initial slopes and used them to-
gether with Eq. (7) to compute the reaction rgte constant as well as the
diffusion coefficient of the excited species X . The results are shown in
Table I. The magnitude of the rate constants fYS the nit:Ygen_Tnd oxygen
reactions are comparable and in the range of 10 cc mole sec °, These rate
constants are very fast indeed being of the order of the collision frequency.
The diffusion coefficients ’re of the right order of magnitude for any one of
the excited helium species,’ but the observed temperature dependence is
clearly too steep.
Discussion
The procedure of using initial slopes to evaluate the rate constants in
Table I is admittedly questionable in view of the fact that the curves in
Figs. 2-4 do not fit well the model embodied in Eq. (8). Although the inten-
sity of the flames does decay exponentially with distance, and the decay
coefficient increases with increasing flow rate of added gas, the increase is
not linear. Deviations from linearity appear to be more pronounced at higher
pressures (i.,e. higher flow rates of helium), presumably because of slower
mixing of the reactive streams. This suggests that incomplete mixing and
non-uniform concentration of added gas may be responsible for the breakdown
of the model, even though the method of injecting the second gas into the
helium stream with an initial radial component of velocity should encourage
fast mixing. At the lower flow rates of added gas the intensity of the flame
decays less rapidly, and consequently intensity measurements are made farther
away from the inlet of the second gas. Under these conditions we expect
mixing to be more nearly complete and this is in fact the rationale for using
the initial part of the curves for evaluating the rate constants. We can
check whether incomplete mixing is indeed the source of our difficulties by
changing the size of the inlet holes and seeing whether the intensity profiles
are affected. VWe are currently carrying out these experiments.
We have not considered so far the identity of the excited hglium species
X . Collins and Robertson have shown that the upper state of N_ giving rise
to the blge emission is populated by reaction of N_ with both metastable 2 ° S
He and He,. ’Sinilnrly they have shown that the upper _states of both band
systems o% O_ are populated by reaction of O, with 2 °S He, and in addition
the upper state of the 55872 system is also populated by Ha’. Differences in
the O_ titration curves for the two band systems, particularly with regard to
the diffusion coefficients at high pressures when He, is dominant, may result
from the fact that different species give rise to the emission. More accurate
measurements of the diffusion coefficient are necessary to resolve this point.
There are very few measurements of the rate constants for thgse reactions
- with which we may compaig our results. Fehsenfeld and co-workers report a
rate constant of &4 x 10 cc mole "sec for reaction (8)
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He. + N_ — 2He + N. (8)
=z 213 13 1
Sholette and Muschlitz’® give values of 5 x 10 and 11 x 10 cc mole -
for the reactions (1) and (10)
+ -
He(27s) + N, ~He + N, + e (9)
3 + -
He(27S). + O, ~He + 0, + e (10)

Our preliminary results are in quite reasonable agreement. |

2.
3.

L'
5.

6.

7.
8.

Run

C. B. Collins and W. W. Robertson, J. Chem. Phys. 40, 701 (1964); k4o, 202

(1
A,
E.
H.
J.
F.

References

964); 4o, 2208 (1964).

L. Schmeltekopf and H. P. Broida, J. Chem. Phys. 39, 1261 (1963).

E. Ferguson, F. C. Fehsenfeld, P. D. Goldan, A. L. Schmeltekopf, and
I. Schiff, Planetary Space Sci. 13, 823 (1965).

W. Andersen and R. Friedman, Rev. Sci. Just. 20, 61 (1949).

C. Fehsenfeld, K. M. Evenson, and H. P. Broida, Rev. Sci. Just., 29,

294 (1965).

E.

W. McDaniel, Collision Processes in Ionized Gases (John Wiley & Sons,

Inc., New York, 1964), p. 503.
Ibid, p. 516.

F.
E.
W.

Table 1
a. Titration with N_ at 3915 A :
2 -13
F x 10 P T k x 10 DP
He -1 -1 2 -1.°
moles/sec mm Hg °K cc mole " sec (cm"sec ") (mm Hg)
6.93 2.70 363 2.1 374
9.30 3.46 376 2.0 480
16.1 © 5,41 413 2.8 696
30.6 9.64 480 4,2 2140
39.6 12.1 508 4.4 3310
Titration with 02 at 5587 (First negative system of 0;)
7.94% 2.99 370 6.7 4o3
16.1 5.36 409 8.4 543
30.8 9.58 475 9.0 1660
45.6 13.8 515 8.3 4030
Titration with 02 at 4118 (Second negative system of O;)

8.00 3.11 366 5.7 331
16.1 5.40 418 5.3 643
30.5 . 9.58 488 6.4 1020
45.5 14.0 526 5.1 2140

C. Fehsenfeld, A. L. Schmeltekopf, P. D. Goldan, H. I. Schiff, and
E. Ferguson, J. Chem. Phys. 4k, 4087 (1966).
P. Sholette and E. E. Muschlitz, J. Chem. Phys. 36, 3368 (1965).

~a



—_ — o~

—r

N

107

THE MATHEMATICS OF STEADY-STATE DIFFUSION AND FLOW TUBE SYSTEMS
II. Measurement of Discharge: Zone' Rate Patameters

: Peter R. Rony ° i

Central Research Department
Monsanto Company
- Louis, Missouri

¥

‘I. ‘INTRODUCTION

The techniques used to measure the rate of a chemical reaction or to
determine the physical characteristics of a’'chemical compound are dictated by
the physical and chemical properties of the compound, particularly by its life-
time and reactivity in relation to its chemical environment. This environment
can be chosen to maximize the interactions between the compound and other
materials (a reaction environment) or else to minimize such interactions (an
isolation environment). Progress in chemistry has been dependent upon the
skill chemists have shown in selecting the appropriate reaction or isolation
environments:
The problem of developing suitable isolation environments has been a
difficult one in the study of flames, shock waves, explosions, and electrical
discharges, where the chemical intermediates --.ions, -electrons, .atoms, free
radicals, excited atoms, excited molecules, excited ions, and metastable mole-
cules -- are highly reactive and have extremely short lifetimes. Notable
advances along these lines have been the matrix isolation technique developed
by Pimentel and co-workers, contacting the intermediates with a very cold
surface, and the use of materials that deactivate surfaces against the recom-
bination of atoms and free.radicals.-7 None of these techniques have yet
been successful in significantly prolonging the lifetime of an ion.

This problem can be circumvented by the expedient of placing a source of
the chemical intermediates in close proximity to a sink and optimizing the rates
of loss and transport of the highly reactive species between these two,regions.
The most popular source-sink system for the study of gas-phase kinetics of neutral
molecules is the diffusion or flow tube, which usually employs an electrodeless
discharge as the source.®:® Such systems have also been used with considerable
success in the field of plasma chemistry for the experimental measurement of
associative detachment and ion-neutral reaction rates.

The simplicity of these systems is deceptive -- they are usually quite
complex. To illustrate this point, Table I gives a non-exhaustive list of
rate processes occurring within the system shown in Fig. 1. 24 1t 1s clear that
a comprehensive mathematical description of such systems is desirable not only
to aid in the choice of experimental conditions and assessment of experimental
data, but also to guide those who use diffusion or flow tubes or the measured

rate parameters.

Most theoretical descriptions of a diffusion or flow tube have ignored
the source of reactive species -- the electrical discharge -- by the assumption

of'a specified value for the reactive specie concentration at the discharge-zone

boundary: 13" 17 Tsu and Boudart were the first to incorporate the discharge zone
in the derivatlon and the author has elaborated upon th1s type of theoretlcal
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description for both diffusion and flow tubes.18-20

In the present paper, it is shown that these new equations provide the
missing link between the theoretical expressions characterizing the electwon and
ion concentration distributions within.a discharge zone and the expressions
-typically used for describing the gas-kinetic reactions of the discharge pro-
ducts.@1-23,30 gyggestions are given on how averaged first-order mhate constants
for the production of discharge products can be measured and how they can be used
to calculate the steady-state concentrations of neutral species at any point
within the reaction tube. 1In certain cases, relatively modest equipment tan be
used to perform such measurements.

The numbering of equations in the present paper continues a previous
sequence.

II. RATE EXPRESSIONS

A. Neutral Species

Consider a binary system of atoms and the parent molecules present within
a long cylindrical tube that has two zones -- a discharge zone and a reactor zone
(Fig. 1). 1If the walls of the tube are not too active, if there are no three-
body recombination reactions, and if the atom concentration is less than lS%, the
mass-balance equations for the atoms becomel®

('12(:l dC' ] ] [}
Do —z* - vz—* +  kolc-ci) - kiex = 0 - (1)
dz dz .
- diffusion convection atom production first-order

atom loss

for the discharge zone and

2 d ‘
D12 9—%‘ R T = Y (2)
dz dz
diffusion convection first-order
atom loss

for the reactor zone. These equations can be rewritten in dimensionless form,

L1 apf r Pa-) - Dy -0 (6)

and
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In a previous paper,'a total of 36 equations summarized the operation of
a flow or diffusion tube, with or without a first-order atom loss process in the
reactor zone, for three different discharge-zone boundary condigions and three
different end-plate boundary conditions.*® The solutions to Eq. (7) were sub-
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divided into four cases:

Case I.
Case II.
Case IIE

Case iV.

The eight most useful solutions are listed in Table II:

L}
@)
~—

Diffusion tube (B
walls (1/u® = 0);
Diffusion tube (B =
walls (1/u? ¢ 0);
Flow tube (B # O)
(1/u2 = 0); and
Flow tube (g # O)
(1/u2 # 0).

with inactive reactor zone
with active reactor-zone
inactive reactor-zone walls

active reactor-zone walls

The most general

solution for the reactor zone, from which the 35 others can be obtained by
appropriate simplifications, is Eq. (€0).
for further information concerning the derivation ‘of the mass-balance equations,

the boundary conditions, or the other theoretical solutions.

The original paper should be consulted

Definitions of

dimensionless groups are given in the Appendix.

'TABLE II. Pertinent Solutions to Equation (7).

" Discharge-zone boundary condition: g 0O at A = Lt
® . da . R
E é Case I. Case II. Case III. Case 1V.
=18 o
ol :—i’ =0 at A= -» Eq. (27) Eq. (36) Eq. (27)  Eq. (54)
=8 .
z % - gll at A =0 Eq. (33) Eq. () Eq. (51)  Eq. (60)
v = o%2 (21)
= o282 A+ £
v 90" IRF T ¥ coth(WoH) (33)
-z/uR
_ 4282 e 6
Vo= 0T TE ot (WoR) (36)
. AMp o -Au
He + e
v o= 0% T o/ corn M/B6R)H el/HR 4+ (1 - 5/p coth M/6R) e”L/BR (k)
L (et +1) - ePA | ’
v g - [CE - CORETRUR (s1)
' (x48) - (x-p)P ,
-(q-p)z/2R
v = o282 & (a-p) (54)
B(X-p) - (X+p
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T el-Be e-(ma)x/.?

= 252 .
v ¢ ng-ng - gx+9§ J ; o(0-B)L/2R ng+9§ - Ex-n; .~ (oF8)L/2R (60)
P(X-8) - (X+8) | P(X-g) - (X+B

B. Ions and Electrons |

Consider a ternary system of electrons and two different positive ions
present within the discharge zone shown in Fig. 1. If it is assumed that

art o« BT e + e (108)

the mass balance equation for the minor ionic specie can be linearized to give

D,V3c,Y 4+ kjceen - keg'art = 0 (109)
ambipolar ionization ion-electron
diffusion i recombination

where c, and c.' refer to the concentrations of electrons of different energies.

Equation (109) can be put in dimensionless form,

d2n, . 1 dny . d®ny N4 2 - o
dpE p dp dr2 312 t o (110)

where the dimensionless groups are defined in the Appendix. It should be noted
that a transformation of coordinates from Fig. 1 has been made,

M
3" L

The boundary conditions are

M o= 0 at T = 0 and T = M/2R at all p (112)
e =0 at p =1 and all T (113)
g—;li = 0 at p = O and all T (114)

and the solution is

ad n
251 2 cosh T/64 Lo (-1) Io(Bnp) cos T
Mg =08'991 -~ * . % 11
o +[ cosh M/25_"_R:l n By (en + 1) To(B,) (115)
n=o0
Equation (115) can be progressively simplified to
. (-4
o, -% (!_2- 2| o b N (-1)" Io(oyp) cos ot (116)
2 2R RenS 2. (2n + l)flo(an)
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. . .
1I1. = 4282 _ Sosh T/54. _ b I cos agT
Ny = o8 [ 1- e M/284R = Fo2  IolRo (117)
/M 2 ’ I 2 1 . |
1I1I. = Gi (AT RS- I o} cos T
"+ " |_-\2R> T ] OR2 | T loloo : (118)
o3 M2 ‘ . .
. n,-= —gRT (119)
v = g2 g2 - 1 /5 .
o egt[aoe] o -
VIL. m, = 0% 8% : : (122)
when: I. 1/832 II. the first root of Eq. (115) is dominaﬁt; III. the first
root of Eq. (llo) is dominant; IV. p = O, T = 0, and Ig(qe) is large in Eq. (118);
v. Bfga = 0Q; VI. 924 = 0 and 1/5'2 = 0; and VII. p = O and 15(1/8') is large
T 372 +

‘in Eq. (120). Carslaw and Jaeger should be consulted for other solutions to
these types of equations.&5

An average value for the concentration of the minor ionic spec1e, g
can be obtained by the following integration,

H/ZRI

dpdr’
Ty = __n?_ﬂﬂili__ . (123) .
: o

fodpdT

Unfortunately, the integral féIo(anp)dp cannot be evaluated explicitly.

III. CONSEQUENCES

A. Previous Results

For the sake of brevity, a number of topics pertaining to the discharge
zone given previously will not be repeated here. The readér is referred to the
following sub-sections of Sec. VI in reference (19): A. Choice of Steady-State
Systems; B. Complexity of Solutions; C. Velocity and Mass Flux; D. Residence
Time; E. Radial Concentration Gradients; F. Comparison of Rate Processes; I.
Back Diffusion; and M. Surface Reaction vs Atom Production.

B. Measurement of k¢

1. Comparison of Rate Processes

The behévior of atoms in the system shown in Fig. 1 is characterized
by eight different rate processes: convection, radial diffusion to the walls,
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axial diffusion through the discharge zone, axial diffusion through the reactor
zone, production, recombination on the end plate, recombination in the discharge
zone, and recombination in the reactor zone. Thus, the interaction between the
rate of production and the other rate processes can be convenlently characterized
by seven dimensionless groups:

L |
.2 = rate of atom production in the discharge zone _ kSR
rate of radial diffusion to the wall T Dz
02 rate of atom production in the discharge zone kd 2k4R
v-Ea - - — = = & or =0R=
1/8 rate of atom recombination within the discharge zone k1 V)
g2 rate of atom production in the discharge zone E& 2kéR
- T 3 ry T = or
1/u rate of atom recombination within the reactor zone ky 79,
02 _ rate of atom production in the discharge zone _ LkJR
1/¢! rate of atom recombination on the end plate 7'V
gf _ rate of atom production in the discharge zome _ kéR
B rate of axial convection v,
g2 _ rate of atom production in the discharge zone : - kIRM
R/M = rate of axial diffusion through the discharge zone Diz
g2 _ .rate of atom production .in the discharge zone - EéRL
R/L =~ rate of axial diffusion through the reactor.zone. Dio

.. These dimensionless groups can be further condensed to yield just two
groups relating the overall rates of atom production, transport, and loss:

fgrod _ rate of atom production _ a® .(leh)
®10ss rate of atom loss i7e +1/5°2 + l/u

EEEEE . rate of atom loss - /8" +1/8'2 + 1/42 - (125)
0transport ‘rate of atom transport R/L+R/M+p+1

In a steady-state experiment, there must be a competition between two
rate processes -- a source and a sink. If the source and sink are spatially
separated, then a transport process may further complicate the results. In
the present case, the rate of atom production can be measured only if

grod <
®10ss L
gradient can exist.

for if the source is much greater than the sink, no concentration

2. significance of k§

For purposes of discussion, assume that the rate parameter ko represents
the rate of production of atomic hydrogen (cy) via the following ion-electron
recombination reaction,

k
Ht + ¢! . —X> H + H

~w

{
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Thus,

|7

ko(c - cl) = 2k (HE)(e) ' (126)

=9

t

defines the parameter kg. If atomic hydrogen is also produced when water is’
present via an ion-molecule reaction,

, .
Ho0T + Hp —0> H0t + n

kg changes to

kg(e - ci) = §E = 2ke(HE}e) + kin(c - ci)(Ha0%) . (127)

It is clear from the above that k$ is a composite parameter which rarely
can be subdivided into its component parameters from discharge product measure-
ments alone. Furthermore, as shown in Sec. II. B., the ion and electron con-
centrations are not uniform throughout the discharge zone, so an average value,
ko, is observed,

ko(e - ) = 2 (BFNylet)yy + Kiple - cl)(H20%],y (128)

Thus, the measurement of absolute yields of discharge products is not a
fruitful technique for studying discharge-zone kinetics. An exception to this
statement occurs when the discharge is initially well characterized and per-
turbations are made on this initial state. For example, in the absence and pre-
sence of water, the ratio of the above rate parameters kg becomes

ky(c = c3)|with Ha0 + kim(c - ci)[HéO+}Av
Ko(c - c1)[no Ha0 ke (HatTay e Jay - (129)

The quantity kim(H20+]Av can be determined provided that the ratio of ié values
is measurable and the other quantities are known. ’

3., Interaction Between Discharge and Reactor Zones

The activity of the reactor-zone walls and the location of the catalytic
end plate have a measurable influence upon the atom concentration within the
discharge zone and at the discharge-zone boundary. This phenomenon can be
used to advantage for the measurement of absolute or relative values of the
rate constant of atom production kg.

In the absence of reactor-zone sinks, Eqs. (27) and (45) -apply,

or —R2— . (130)

The atom production rate constant ko can be determined from Eq. (130) provided

“that (a) the amount of atom recombination on the discharge-zone walls is

known, (b) it remains constant during the measurement process, and (e) 1t is
the dominant atom loss process. . In an electrode discharge, metal. sputtering on




11k

the tube walls occurs continuously and the above conditions are not fulfilled.
With other types of discharges, a period of wall aging may be required.

If an end plate is present, the concentration of atoms at the discharge
boundary (X = L/R) is given by Eq. (33),

L, _
- 20 2 R M < . :
= T 82R TR - .
¥ 0% I, 5% GR }/h) (131)
R M
2 2
When L/R + ¢' >> QEB, then ¢ = 0252 as previously. However, if QEB >> % + ¢,
then ,

ve) = Mgy Maay (132)

The rate constant ky can be determined if the .recombination coefficient of the
end plate or the diffusion coefficient of the atoms is known.

I1f only the reactor-zone walls are active, Eq. (36) applies at the
discharge-zone boundary (z = 0),

. - 282 ‘ M < '
Vo= 0% TR g = /¥ - (133)
The only new result occurs when é_ﬁ >> 1, and leads to
1
X
= ) _ﬂ{___ . N
" k&M (Dlzﬁl , (134)

which is no improvement over Eq.. (132). Equations (42), (51), (54), and (60)
lead to progressively more complicated solutions.

.

v = @2

w1z

In the preceding paragraphs we have been preoccupied with the measurement
of ky. The equations derived above are equally.applicable if ko is already known
and show how such data.can be used to predict steady-state atom concentration
levels in diffusion and flow tubes.

As an example, consider the effect of an end plate on the atom concentra-
tion within the discharge zone. In the absence of the end plate, the concentra-
tion throughout the reaction tube is given by Eq. (130). When the end plate is
present, either Eq. (33) or Eq. (131) applies for the reactor zone and Eq. (135)
applies for the discharge zone (z assumes negative values only between O and -M).

zﬂ)
cosh (BR

® Siah M/SR _ (135)

n = %% |1 - T
—_ |l —
R + &' + B coth 6R

With R = 2 cm, D;o = 1.25 + 10% cm®/sec (atomic hydrogen at 100 mTorr and 25°C),
L=10 cm, v; = 2.5 * 10° cm/sec (atomic hydrogen), M= 8 cm, v, = 0 cm/sec,

P - N
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Ywalls:= 105, 5! end plate = 10-2, and ké -0.100 sec-~, the average atom con-
centration in the dlscharge zone is reduced from 14% to 0.19%. It is assumed

here that the end plate has no effect on the electron and ion concentration levels

within the discharge.
L. " Mass-Flux Devices . .

As shown above, the measurement of the absolute value of k requires a
knowledge of either y, M and D:p, or M and y'. A simpler procedure applicable
to the study of atoms requires the use of a mass-flux device Such as an iso-
thermal calorimeter, which measures the atom flux at a given point within the

reactor zone.® Equation (131) becomes
Jy. (atoms/cm® sec) = - Dj, gy | = Shuz Qv
1s dz R o
z=L o 0
- 022 —azlR M oeDip C(136)
L, 458 R - R
R M
53R L o '
when M >> \R + ¢! Thus, the rate of atom production can be determined by a

mass - flux measurement provided that the value of M is known and the calori-
meter is the dominant atom sink.

5. Relative Measurements

Provided that'éertain.parameters remain constant and the appropriate
inequality relationships hold, the measurement of relative values of ko is the
easiest measurement to perform in diffusion or flow tubes. The most important
requirement is that Erod << 1, as discussed in Sec. III. B. 1. The desired -
relationship ®loss . . .

v o= censtant -k (137)
is rigoreusly correct for any of the following cases:

1. o<1 i‘n Eq. (ijo);

11 (%; + §> >> §-;3 and o%% < 1 in Eq. (131);

2
III. &R >> <§ + §> , M = constant, L = constant, and £' = constant in

M .
v (131);-
.. 8%R S e i .
v. o << 1 and ¢%8% << 1 in Eq. (133);
- R , M = cons dys= it 1 13%);
v. o >1, M= conseant, and y = constarit in Eq. (133);

. - 53R /L. : . .
vI. T >> R + ¢! and M = constant in Eq. (136);
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VII. K\i +3 >> 5= ,7c%%% << 1, L'= constant, and §' = constant in

Eq. (136).

The above list is not exhaustive, since any of the solutions in Sec. II. A. can
be used 1if the proper conditions are fulfilled.

6. -Multiple Discharge Products

When more than one discharge product is formed, the simplest mass-balance
equations and boundary conditions become

d®nj ni a2y
201 _ Yoo A 1 = .
N of(1 ; E 1 uEy g:z 0 and e 0 (138)
d . d . -
E%].i = 0at A = oo»and ?I—l = 0 at X = - . (139)
The solution is of the form
—- N -
1
j : F
- o 4282 j#i .
¥y Ny 0303 n 1 ’ (140)
: 525'i2° z —=s
. o505
.3=1 37
L j#d i

which, if the total amount of product is small, simplifies to

Yy o=y o= cf&f . (1b1)

1f there are no sinks, a discharge product will not disappear once it has been
formed. For moderately stable molecules, such sinks include decomposition on

the walls of the reaction tube and reaction with other gas-phase components.
Conditions can be adjusted to minimize these loss processes, a fact which accounts
for the variety of novel chemical species that can be produced from chemical dis-
charge systems,26-29

IV.. SUMMARY AND CONCLUSIONS

The rate of production of a given chemical intermediate in a diffusion or
flow tube is characterized by ké, a composite parameter incorporating the rates
of ionization, ion-electron recombination, ion-molecule reactions, electron
attachment, wall recombination, ion-ion recombination, ambipolar diffusion, and
other kinetic processes occurring within the discharge zone. The measurement of
the absolute value of kj requires a knowledge of either y, M, M and Dip, or M
and y'. Relative measurements:of ko are possible under a wide variety of condi-
tions. Many novel chemical species can be produced from such systems if all
homogeneous and heterogeneous sinks are minimized.

~



© e T

no o ~84d
—

0
[N o TR

117

V. NOTATION

Del operator (vector)
Infinity
Braces 1nd1cating molar concentration of enclosed species'

'Total molar concentration of gaseous species -

Molar concentration of atoms in reactor zone

Molar concentration of atoms in discharge. zone

Molar concentration of minor positive ionic specie ‘
Molar concentration of major positive ionic specie

. Molar concentration of high-energy electrons

Molar concentration of low-energy electrons

Binary diffusion coefficient for atom-molecule system.
Ambipolar diffusion coefficient i
Exponential :

Represents quantity related to specie i

Modified Bessel function i

Represents quantity related to specie j

Molar flux of atoms to end plate

First-order rate constant for loss of atoms in reactor zone .

First-order rate constant for loss of-atoms in discharge zone
First-order rate constant for production of atoms in discharge zone

‘Averaged firgt-order rate constant ko
.Second-order ionization rate constant

Second-order ion-electron recombination rate constant

Second-order ion-molecule reaction rate constant

length of reactor zone to end plate

Length of discharge zone (or half the length for a symmetrical system)
Radius of reaction tube

Mass-average velocity in z direction (axial direction)

Velocity of an atom

Distance from discharge-reactor zone boundary to end plate (+ direction)
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Fig. 1. Schematic drawing of a typical "reaction tube,"” showing
the location of the discharge 2one, the reactor zone, the
discharge-zone boundary (at A = L/R), and the end plate

{at '\ = 0).

Table 1. -Rate processes occurring within a typical reaction tube.2¢

Ions and Electrons
in Discharge Zone

PRODUCTION: Ionization

Photoionization

Ion-molecule Reactions
Electron Attachment

Charge Transfer

Metastable Atom Reactions

LOSS: Ion-electron Recombination
Ion-ion Recombination

Wall Recombination

Loss to Measurement Device
Electron Detachment

_Convection
Diffusion

TRANSPORT:

Ambipolar Diffusion

Drift

Cyclotron Resonance

Neutral Species in

Discharge and Reactor Zones

Ion-electron Recombination
Ion-ion Recombination
Ion-molecule Reactions
Electron Attachment

Wall Recombination of lons

Gas-kinetic Reactions
‘Recombination on Walls
Recombination on End Plate
Loss to Measurement Device

Cohvection
Diffusion

v

T

— o T
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In radiation chemistry the customary situation is that a charged
particle with energy in the MeV range is slowed down in matter and, in
the course of such deceleration, excites sorme molecules and ionizes others,
The ultimate fate of the initial charged particle is of little consequence
compared to the many processes which it initiates but that initial particle
is actually responsible for initial excitations and ionizations which amount
to about one-quarter of the total number of such processes. The corollary
statement is that about three-quarters of all the effects observed are
attributable to the action of secondary (and, to a very small extent, tertiary)
charged particles. Roughly, these particles have initial energy, €;, averaging
about 75 eV,

The secondary charged particles can cause further ionizations (in
addition to excitations) only so long as they have energy, ¢, in excess of
the ionization potential, I, of the species which they traverse. A convenient
value for I is about 10 eV. When &€ becomes <1I, the only processes which
can occur significant for radiation chemistry are electronic excitations to
singlet or triplet states. When ¢ becomes <5 eV the major portion of
the excitations are optically disallowed (i.e., mainly triplet). For radiation
chemistry about i_ X % or 5% of all the phenomena are initiated by particles
with about that amount of energy.

In electric discharge processes, irrespective of the voltage employed
the electrons start with about zero energy and rarely attain an energy in
excess of 5 eV and much more rarely in excess of the ionization potential.

It has been one of the important problems of electric discharge chemistry
to determine how molecules are excited to chemically active levels and’
how ionized species are produced. According to some theoretical views
most of the electrons cause optically forbidden excitations on the first
opportunity and it might appear that chemical effects simply could not be
observed. Nevertheless, they are observed and the fact must be that a
significant number of molecules are excited to sufficiently high states so
that chemistry results., Furthermore, some of them, in number adequate
for maintenance of the discharge, are excited up to ionization potentials,
Thus, in this case, € is initially approximately zero and might appear not
to exceed very low energies; e.g., &, corresponding to the lowest triplet
state. Yet, high excitations and ionizations do occur.

Two views may be employed to account for this dilemma. The theory
presented is oversimplified and electrons in significant quantity attain
energies in excess of 7 eV, Alternatively, it was suggested initially by
Magee and Burton' that electric discharge chemistry is characterized by
a series of successive excitations by low-energy electrons in optically
forbidden steps to higher and higher levels with ultimate attainment of
levels adequate for production of a chemical effect — or even of ionization.

The role of thermal energy is somewhat different in the two fields.
In discharge chemistry a local temperature may be raised as high as
1000° C, whereas the usual dosage level used in the basic research of
radiation chemistry is so low that the temperature increase can be of the
order of a few degrees C even if the entire energy input is converted to
thermal energy. This difference is not a trivial one, because thermal
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energy and electronic.energy (in the forms of excitation or ionization) do
not exist as independent sources of energy.for chemical reactions; the
effect arising from a combination of the two_forms of energy is not a .
simple sum of the two effects when each source acts alone. . .[The detail
of the interaction between thermal-and electronic energies is not known,
The qualitative picture,- however, is fairly well understood. Namely, the
rate of energy conversion from the electronic.to the thermal form (radiation-
less transition or energy degradation) increases as the temperature ‘
increases, Thus, the process has the characteristics of an explosive
chain reaction.

The main reason for this difference is attributable to the difference
in the spacial distribution of excited and ionized species initially formed.

in each field. In radiation chemistry the distribution is more or less

uniform as a-natural consequence of the high penetrating power of the
impinging radiation and highly random nature of the energy loss processes,
The local inhomogeneities of energy deposition are submicroscopic in size
and cannot be conveniently conceived as local regions of abnormal '
temperature, The "hot spotz i jdea has little significance in modern
theories of the usual radiation chemistry. On the other hand, in a
discharge tube, electronic excitation and ionization are somewhat confined
to certain parts of the tube (negative glow and positive column). Since
electronic excitation processes are generally accompanied by vibrational
excitation (because of the Franck-Condon principle), the temperatures of
these regions are-also expected to be higher than those of the rest of the
system. The direct transfer of electron energy to vibrational or
translational motions of molecules can be ignored.

On the other hand, the coexistence of high temperature and high
density of excitation is not really unique to electric-discharge chemistry,
Under extremely high dose rate with certain charged species (particularly
heavy particles such as fission fragments), it is probable that a similar
situation has significance in the radiation chemistry of unusual systems.

A rather obvious feature of radiation chemistry, which cannot be
found in discharge chemistry is the fact that the impinging energy is
theoretically sufficient to excite the molecule to a level where multiple-
bond dissociation and multiple ionization are possible. These effects
have indeed been observed, but their contribution to the total chemical
effect of high-energy radiation turns out to be negligible. The role of
highly excited states or excited ionized states in the physical aspect of
radiation chemistry (energy or charge transfer processes) is far from
being negligible. By contrast, it would appear that lower excited states
alone are the initial products of excitation in electric-discharge chemistry.

" In the latter case higher states appear to result from successive excitation

exclusively and, under certain conditions of chemical reactivity, any
presumptive substantial role of such states in the chemistry of discharge
processes can be completely excluded - at least, on a speculative basis.
Radiation chemistry may be studied in systems of any degree of
aggregation from highly attenuated matter (as in interstellar space) to
liquids or solids under high compression. Studies in electric~-discharge




chemistry seem limited essentially to gases or to interfaces involving
gaseous systems. In radiation chemistry a major-question is why, in
spite of the initially high energies involved, the chemical effects are as
specific as observed. In electric-discharge chemistry, by contrast, a
very important question is why chemical effects are at all observed and
why they are observed in the high yields reported. '

-k
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Electrlc dlscharge reactions whlch yield thermodynamlcally

R unstable products are of interest to synthetic chémists because such
" products are often difficult to prepare by other methods. Many
fascinating compounds of unusual structure have been isolated from
discharge reactions. Although such syntheses usually have low
efficiencies, the general techniques are nevertheless of interest to
chemists who hope to discover new types of. compounds. In this paper,
we shall consider some important types of reactions which can be
effected with the aid of electric discharges, together with' some.
recent examples of these reactions.

T

PR

Co vConversion of Simple Molecules:into
' et . FO ngher Homologs

) When 51mple volatile hydrides are passed through ah ozonizer-

. , type discharge tube near atmospheric pressure or through a glow
discharge at low pressure, fairly good yields are obtained of the

} -higher homologs of. the hydrides.. For example, both silane-and germane

can be converted to their respective higher hydrides; .silanes as high

as SigHig and germanes as high as GegHop are formed. Similarly,

arsine may be converted to diarsine. ' A wide variety of boron hydrides,

including BgHis;, BioHig, Bz2oHieg, BeHiz and BgHiz, has been prepared

in electric discharges. In all these reactions, hydrogen is-a by~

product, and there is.no tendency for back-reactlon of the hydrogen

y with the product molecules. . -

A g

N When the volatile halides, SiCls, GeCls, and BCls, are passed
X through a glow dlscharge at’low pressure, small yields of the higher
' homologs, SizClg, GezClg and BzCl,, are obtained if provision is made
to-separate-the products.from the by-product chlorine by fractional
} condensation:. (Chlorine reacts readily with the product molecules
! to. reform the starting materials.) . However, the yields are much
improved.if a. reducing agent which can react with chlorine is included
: »:in the discharge zone or immediately after the discharge zone.
- Mercury and copper wool have been found to be very effective reducing
agents for this purpose. In fact, P=Cly can be obtained from a
\ ~ discharge in Hz.+ PCls or from a PCls discharge followed by copper
\ ' wool, whereas no P2Cls has been. obtalned in the absence of the
' ’ reducing agents. . .

—
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Conversion of Mixtures into
More Complicated Molecules

When mixtures of relatively simple hydrides are passed through
an electric discharge, higher .molecular weight ternary hydrides are
formed. Thus by using appropriate mixtures of SiH4, GeHg, PHs, and
AsHs, it has been possible to prepare, among other things, SiHzGeHs,
SiHzPHz, SiHsAsHz, GeHsPHp, and GeHzAsH>. By using a silent electric
discharge; which does not cause drastic fragmentation and rearrange-
ment, it is possible, within limits, to tailor-make molecules. Thus
a mixture of SiHsPH» and SiHa yields (SiHz)2PH, and a mixture of
SizHg and PHz yields SizHgPHo.

Passage of diborane-acetylene mixtures through an electric
discharge yields carboranes as the major volatile products, including
1,5-C2BsHs, 1,6-CoBsHe, 2,4-CoBsH7, and at least six B-methylated
derivatives of these plus C,3-(CHs)2-1,2-CzBsHs. The reaction of
SiH. and (CH3)20 in a silent electric discharge yields mainly a
series of inseparable mixtures, but a fair yield of SizHsCHz can be
isolated. .

A fascinating series of oxygen fluorides (Ong, 03F2, Q4F2,
0sF2 and OgFz) has been prepared by subjecting mixtures of oxygen
and fluorine to electric discharge at very low temperatures. All
these compounds are very unstable, and, on warming, they decompose
to oxygen and fluorine. Nitrogen trifluoride, AsFs, and Fz when
subjected to a glow discharge at low temperatures yields NF4AsFes.
This material is a relatively stable material which is fairly well
characterized.

The only reported method for the preparation of a Xenon compound
that does not involve the use of elementary fluorine or some
fluorinating agent almost as difficult to handle as fluorine, is
the electric discharge synthesis of XeFz from Xe and CF4. The
carbeon-containing by-products of the reaction were not identified.

Controlled Reactions of Atoms and Radicals
with Other Species

In the discharge methods discussed above, all the reactant
species are passed through an electric discharge. However many
synthetically useful reactions can be carried out in the absence of

_a discharge by allowing a stream of atoms or radicals (prepared in
.an electric discharge) to impinge on various compounds. For example,
atomic hydrogen is a very reactive species which has been used for
the preparation of hydrides and for carrying out reductions. A
promising field of study is the reaction of atomic hydrogen with
agueous solutions. In basic solutions, the hydrogen atoms yield
electrons, and the method furnishes a convenient method for studying
the reducing effects of the agueous electron.

N
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Atoms and radicals act as electrophilic reagents. The atoms
0, Cl1, Br, I, and N favor attack at polarizable donor atoms. Thus
atomic nitrogen reacts with divalent sulfur compounds (H=S, CSe,
OCS, Se, S2Clz and SClz) to yield sulfur-nitrogen compounds, whereas
no sulfur-nitrogen compounds are formed in the reaction of N atoms
with 80z, S0Clz, and SO3. The reaction with Sz2Cls gives fair yields
of the interesting molecule NSC1.

Equipment

Most of the readily-available laboratory equipment for producing
electric discharges is suitable only for relatively small-scale
operation, involving only a gram or two of material. Such equipment,
and the corresponding low yields, is satisfactory for the preparation
of new compounds in amounts satisfactory for identification purposes.
But in order for electric discharge syntheses to be useful for the
preparation of mole quantities of materials, as are the usual synthetic
methods, it will be necessary to have a marked break-through in the

development and marketing of these instruments.
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Hydrazine Synthesis in A Silent Blectrical
Discharge.

Thornton J.D., Charlton W.D., Spedding P.L.

Department of Chemical bngineering, |
University of Newcastle-upon-Tyne, Merz
-Court, Claremont Road, Newcastle-upon-
Tyne 2. bngland.

o INTRODUCTION.

The synthesis of hydrazine from ammonia using the
gilent electric discharge was first demonstrated by Besson
in 1911 (1). Subsequent investigation showed that both
the electrical energy yield and percentage conversion
obtained were very low (2,3) and interest in tue process
waned. Further work was introduced in the early 1950's
enabling substantial improvements in yields to be obtained
in certain circumstances and a better understanding of the
kinetic mechanisms in the discharge to emergs. Devins and

- Burton (4) showed that significant hydrazine formation only

took place in the positive column of a D.C. discharge. -
Moreover, they found that yields could be substantially
increased if the atomic hydrogen concentration in the dis-
charge could be reduced by recombination. These general
observations were later confirmed by Rathsack (5). 4As a

result mechanisms were proposed for hydrazine synthesis based

on the underlying premise that the hydrazine was first

formed in the discharge and then degraded by back reactioms.:

Ouchi (6) snowed that yields could be increased by reducing
the residence time of the hydrazine in the discharge in
agreement with the general premise of hydrazine dagradation
in the discharge. Subsequent work nas not been at variance
with this finding (7,8).

Recently, I.C.I. of the U.K. have reported (9) that
removal of product hydrazine in a liquid absorbent gives a
substantial increase in yield and an improvement in per-
centage conversion. This is, of course, a modification of

the general premise of hydrazine degradation in the discharge
_proposed by Devins and Burton (4) and Ouchi (6). Furthermore,

following on the pioneering work of Ouchi (6), and others
(10), I.C.I. apparently were able to achieve even better
yields by suitable modification of the waveform character-
istics of the discharge. In order to confirm their claim
and to help clarify the mechanisms teking place in the dis-
charge, work was commenced on this system at the University
of Newcastle-upon~Tyne in 1965. This is & preliminary-

' statement of the results obtained to date. :

BXPERIMBENTAT. ;
The main aim of this work was to attempt to increase

-hydragzine yields by reducing the residence time of the

product in the discharge. A concentric barrier discharge
reactor was employed with and without tae use of a liquid
absorbent. Reactant flow rate was increased up to the
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waximum vumping cavacity of thne apparatus after w.ich tue
dlscrar&e .%o, e wi.3 reduced’ by changing the electrode area
in oruer to give a_further- reduction in product 1es1dence
tlme.v Flrally a U.C." narallel electroae reactor was used
in w.ich t.e di scharge waveéform characteristicg wer
altered so that only & short activating pulsé was: supplled

. Yo the reactant in tae electrode gap as it pas ed through
__the reactor. ]

The apparatus con81st°d esseatlally of a dlscharge

" “reactor Set b-tween measur ing and analysing secvions in a

flowing gas train. Commercially ‘pure aumonia wWas fed 1nto
the measuring section of the apraratus via a’ reductlon :
valve and-a regulating needle ‘valve. The flow rdte: was

" measured on a rotaueter wiich had been vreviously calibrated

under operating conditions by using a soap film manometer.
tas teuperatures and pressures.also were measured before the
dischare reactor. The hydrazine formed in the discharge
wag absorbed in ethylere glycol either in situ or in a
separate absorwntion truin. Hydrazine was determined using
the spectroohoietric -method of Watt and Chrisp (11).
Vacuum control ‘'was acuieved by a carte51an manostat located
before the vacuuim: puap.-

The A.C. radio frequency power (1. 2meg c/s) to
the A- and B-type reactors was supplied by a modified C-12
Radyne generator of 1«KW rated output. Heasurement of the
power dissipated.in the. discharge was acnieved by firstly

“lietermining the vower factor directly. oﬁ%%ultable oscillo=-
‘scope. This value in conjunction with the direct

‘readings of an W.i.S. voltmeter (Airmec 314) and a radlo
:frequency ammeter (Cambriuge Unipivot).enabled a reasonably:

accurate determination of the power in the discharge to be

-achieved. The D.C. power for the C-type reactor was

provided by a specially engineered 8KW generator. ' Measure- .

'ment of the actual discharge power was made using a
.combination of an oscilloscope trace and the appropriate

meter readings.’ .

The various types of dlacharge reactors used ‘in thise
work are illustrated schematically in Fig.l. Other essential
geometric details of these reactore and their operatirg data .
are .given in Table 1. The A-type series of reactors
consisted of a precision silica tube (whlch acted as the

capacitive barrier) with the high tension electrode attached -

around the outside. The inner electrode was a spinning
cylinder so constructed that absorbent liquid could be
sprayed onto the inside of the tube to flow down through the
annular diacqarge £8p-. Co-ourrant gas and liquld flow was

employed. .

The B-typo series of reactors were of simllar conatruction
except that a central wire electrode was used and the

vabsorbent liquid was fed into the incoming gas as a spray.
‘Dispersion of the liquid was achieved ultrasonically using a

vibratory genprttor. The spray was fed into the gas stream

~ through an annular orifice placed at a suffieient distante
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‘ downétream from the discharge to ensure proper dispersal of

spray in the electrode gap. The C-type reactor employed a
pair of rectangular'electrodes so set in the gas flow as to
avoid reactant by-passing. The use of D.C. pover,

.necessitated stabilization of the discharge by means of a

resistive load in the electrical circuit. Provision was
made to admit liquid spray into the inlet gas siream using
the same aerosol generator used in the type-B reactors.

Table 1.
Reactor units employed.

Reactor FlowaArea Dlscharge Dlschalge Dilectic

" Type Coue cm iiidth Volgme Barrier
. em Thiciness

Tubular. Al 2.203 1.270 2.798 0.15875
Centrifugal A2 " 0.254 U.560 "
Film Reactor 43 : " 0.127 0.280 M
vy . 0.040 0.089 "
© Tubular Bl - 1.089 1.270 1.383 "
Spray Reactor B2 " 0.254 Ue 277 "
rulsed - 1 1.411 © 0.635 0.896 0

Reactor
RESULTS.

Hydrazine yields for the various reactor geometries and
the operating variables employed are given in Figs. 2 fo'6,
Prom the data presented in r'ig 2 to 4, it is evident that the
yield varies inversely -as an exponential function of the
nower density at pressures under 100mm of mercury. The effect
of pressure also follows a regative exponential variation
therefore a general equation of the form.

Y = a exp (~-bP-cTr)

adequately describes the results. Of course this correlation
of the results does not in any sense give a complete
description of the underlying pnysical chemistry involved in
the synthesis. Ideally,it would have been preferable to
develop separate rate equatlons in terms of the partial
pressures of the various components in the overall hydrazine
synthesis. This would have necessitated a complete product
analysis and since,in the present case,these data are lacking
the phenomenoloégical approach had to be used. The constants

,in the equation for the various reactors and operating

conditions used were evaluated using the method of least
squares (12). These are tabulated in Table 2. It should be

. noted ‘in this Table tnat cert:iin pressure exponential values
were bracketed. - Here the relevant data were lacking for

calculatjion and,therefore, the dependence.of energy yield upon
pressureyieactors A2 to A4 and B2 were assumed to be ‘the
samne as those found experimentally for Reactors Al and Bl.
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Table 2.
Derived c nstants for the equation ¥ = a exp(-bf-cr)
. a b_l e liqyid
Aeactor  _a/LWH riHg ce/Kwatt absorbent
Al 13.14 0.0087 T3.61 film
Al 6.3% 0.0256 118.74 none
A2 _ 10.70 (0.0087) 19.43 film
A3 9.56 " 12.93 "
A4 T.28 m 3.73 "
Bl 12.99 0. 0098 7%.58 " spray
B2 9,26 (0.0098) 13.69 "
" B2 8.88 (U.0236) 35.15 none

This is a reasonable procedure within any one
varticular series of reactors such as Al %o 4, but it is
only ziproximate with differing reactor series(e.g. Reactor
series A and B)due to dissimilarities in discharge _eometries.

LUioCuSSI. N,

The most nutable overall fezture of the results is the
orogressive increase in hydrazine yield obtained by the use
of a liquid absorbent and oy pulsing tne discharge. The
hignest averaze yield was obtained witi tne pulsing
tecnnique with or w1tuout llquld absorbent and was approx-
imately 15 gms i /KWH. Isolated values as hign as 20 gus/
KWn were obtaineg ﬁut further experimental work is required
before these values can be made reproducible. It is
noteworthy that a yield of 15 gmus/KWH is beginning to look
commercially attractive although it must be remembered that
the finel product cost will depend to a great extent on the
cost of the product purification process downstream of the
reactor.

There are several interesting features shown by this
work which bear discussion, From the results set out in
Fig. 2 to 4 it is evident that the hydrazine yield decreases
with increasing discharge power intensity despite a corres-—
ponding increase in the decomposition of ammonia. The only
reasonable explanation for this which nas been advanced is
that hydrazine is formed in the discharge by a complex
reaction mechanism and is subsequently decomposed by -electron
bombardment or other collision phenomena (4,6).

The use of a liquid absorbent results in a decrease in
the slope of the energy yield-power density plot. This is

. well illustrated in both Fig. 2 and Fig.4 by comparing the

gslope of the plots with and without the use of liquid absorb-
ent. This indicates that hydrazine is being removed from the

- discharge by the liquid absorbent instead of being degraded.
"If the hydrazine were completely removed s0 that degradation

did not occur the slope of this plot would be w@ither
independent of discharge power or possibly positive. The very
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fact that the slope is still negative with the use of liquid
absorbent may indicate that a significant amount of hydrazine
is 111l being degraded in the discharge in this case.
‘herefore,the use of a more efficient absorption process would
reasonably be expected to recover more of tie hydragire being
degraded and thus increase yields still further. Moreover, the
observed decreasing effect of pressure on the yield with the
use of liquid absorbent (shown in Fig.2)adds weight to this
suggestion.

As tine pressure was decreased below 100mm of mercury the
yield of hydrazine increased steadily while the slope of <the
vield-power der~sity curve remained coastant for similar reactor
operating condivions such as tue use of a liquid absorbent.

A rezsonable explenation Tor this behaviour is that at the
lower pressures the eiectrons passing into the discharge are
less. likely to suffer collisions in the immediate vicinity of
the electrode so that the average ener.y of thne electrons will
be high just prior to the required activating collisions.
Theretfore, activating collisions are more likely to occur and
yields to increase correspondingly. Degradation of product by
electrons is,by the same arguement,K more likely under these
conditions but other product degrading discharge collisional
phenomena e.g. the reaction with hydrogen atoms, are reduced
because of the greater mean free path at the lower operating
pressure. The overall result is that hydrazine yields increase.
Secondary effects become increasingly important at higher

' pressures and it is likely that other variztions in the effect
of vressure on yield may well occur. One such variation is
reported to occur at about S5mm pressure where the energy yield
passes through a maximum (8).

Product yields were increased by removing hydrazine in a
liquid absorbent and it was considered that a more efficient
absorption technique should lead to even greater yields. In
order to obtain a more intimate gas liquid disperslon a spray
reactor was used of the general design dhown for Reactors
Bl and 2 in Fig.l. The results (Fig.4) show that yields were
slightly below that of the film reactor. In practice there
were difficulties caused by dissimilarities in the construction
of Reactors A and B which led to radically different discharge
conditions being obtained. The film reactor (A1) had a more
uniform discharge density because it was of an annular
construction where the annulus width was small compared to the
reactor diameter. The spray reactor, on the other hand,
employed a central wire electrode and consequently there was .
a non-uniform field in the discharge gap with a higher local
‘discharge density in the vicinity of the wire electrode.
Because the yield is known to depend on an inverse functiom
of the power density, it is only reasonable to expect that the
reactor design ‘Bl would give somewhat lower yield than the
‘Reactor design Al under similar operating conditions.

This means that the more intimate gas-liquid contact in the
spray reactor had no measurable effect on the product yield. .

>

i
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On the otner hand, if hydrazine is formed and degraded
unifornly in the activating section of tne discharge this
result is difficult to explain. It ig suggested from thls
that under these conditions, the absorption process is no
longer the controliing factor since an incresse in kae
overall potential absorption rate,taroush an increase in the
interfacial area ,produces no corresponding rise in hydrazine
yields. It may be that 1liquid surface activation phenomens,
are taking place and the increased hydrazine yield which is

" observed with the use of an absorbent liquid is caused by

hydrazine formed by otner mechanisms in which the liquid
surface plays an important role. If this were the case the
liquid film, wnich presents a complete barrier to the discharge,
would naturally give maximal yield and tne spray reactor
would only tend to tais value in tie limit.

It was found experimentally that a decrease in the

. residence time of the reactant in the discharge is accompanied

by an increase in energy yield of nydrazine and a corresponding
fall in percentage conversion. ' The results are detailed in
Pig.5 and appear to be in ‘general agreement with those of
Ouchi (6). When a liquid absorbent is used the change of
yield and percent conversion is steady but without the use of
an absorbent thne effect becomes very marked at low residence
times. Ouchi (6) has concluded from his results that some of
the hydrexine formed in the discharge is preserved from

.degradation by rzapid physical removal out of the discharge.

This would adequately explain,in general terms, the increase
in energy yield with reduced residence time. The degree of
activation of species in the discharge must fall as the
reactant throughput is increased. This would result in a
decrease in percent conversion as residence time was reduced.

. Purthermore, as the concentration of hydrazine governs the

rate of the degrading reaction the smaller percent conversion
achieved at high flow rates will result in a higher overall
energy yield being achieved. With the use of a liquid
absorbent soue effect on tne yield may well arise because
of changes in the absorbtion rates due to ilicreased turbulence
and a decrease in the gas liquid contact time.
Another noint which .must be borme in mind is that physical
removal of the product or even,for tnat matter, the use of
the pulsed uischarge tecnnique cannot give better conversions
than that dictated by tne equilibrium concentration of
hydrazine for the basic reactions t:king place in the discharge.
The use of the liquid ebsorbent, on the otiier hand, permits
higaer conversion to be achieved because of the inability of
tne discharge reaction to reach equilibrium as hydrazine is
being continuously remcvel afier it is formed in tine discharge.
The negative slove of tne energy yield-residence tinme.
nlot (Fig. 5) when liguid absorbent was used, implies that it is
nossible. to 1ncreaue yields still furtner by so:ue otuer
suitable modification of technloue.
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vne resulis,ior tue ca.e wien liquid absorbent was uot

usel, siov 2 very .aried incrcase in _ield with reauction of

residence time. This abnormal behaviour su gests iaat the
nsrocess resulting in increwnsed nydrazine yielas is not just
the -physical removal of nroduct alone but a cnaase. may also
be occurring in the basic reéaction mec.anisus.

- In an endeavour to reduce tihe residence tiwe below the
level dictated by tue capacity of tne vacvum system tone

~electrode area was steadily reduced (Reactors Al to 4).

The results obtained (Fig.5) show that tine yield fell and the
discharge itself altered radically due to tne increased
influence of electrode edge effects.

Discharge pulsiug gave a substantial increase -in yields
over tne otiier methods employed. As tihe auration of the
discharge pulse was snortened the yield was found to rise
and become indevendent of power density. Furthermore, the
yield wee not affected by the use of a liquid absorbent. Up-
to this point the usual viriations with these two variables
were ouserved. Indications are that nydrazine yields can be
increased well beyond 15 . ms/iWH by suitable modification of
the pulsed discharge teciunique. ‘

" It is clear from these results that tue yield of hydrazine
from ammonia using the silent discharge can be increased if
the residence time of the product in the discharge is reduced
by the use of liquid absorbent, physical flow rate of '

'reactant or discharge pulsing. Several aspects of the results

seem to imply that the underlying mechanism involved is not
entirely that of physical removal of product but other
factors, such as cnanges 1n the basic reaction mechanisms, are

"also 1nvolved
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lonic Reactions in Corona Discharges of Atmospheric Gases
M. M. Shahin

Xerox Corporation, Rochester, New York 14603

I NTRODUCT I ON

Mass spectrometric studies of electrical discharges have been cdrried out during
the past decade by several workers (1-6) in an attempt to identify the ionic precursors
of a variety of neutral by-products which are formed in these systems. Such studies
are expected to reveal the detailed chemistry of the many reactions that follow the
formation nf primary ions through the impact of energetic electrons on the neutral gas
molecules, and end with the neutralization of the final form of the ion either in the
gas-phase or at the electrodes or the walls of the discharge tube. Thus, the identj-
fication of these ionic reactions will, in many cases, demonstrate the mechanism of
the production of the free-radicals which are the source of the neutral by-products.
Further, such studies would be expected to provide information on the mechanisms of
catalytic or inhibitory effects of trace quantities of certain compounds (e.g. water
vapor) on the formation of these products. Processes such as charge-exchange or ion-
molecule reactions which occur with farge cross-sections and have been suspected to
be responsible for such effects will thus be easily identified.

The compliexity of electrical discharges however, often makes the interpretation
of mass spectrometric data very difficult. Specifically, the variations of electric
field along and across the discharge tube in certain commonly used discharges (e.g.
glows) often affect the abundance distribution of the various ionic species which are
observed at the mass spectrometer (2,3). This is mainly due to the complex dependence
of the cross-sections of both charge-exchange and ion-molecule reactions on ion
energy as determined by the electric field within the discharge tube. Further com-
plication arises from the formation of ion-sheaths around the walls of the discharge
tube, through ambipolar diffusion. These may strongly influence the sampling of the
discharge by the mass spectrometer. [t is therefore essential that the system under
investigation be well understood before the interpretation of the data is attempted.

In this paper, the resuits of mass spectrometric investigations on low pressure
positive corona discharges established between two coaxially placed electrodes will
be discussed. This form of discharge has been chosen primarily because its electrical
properties are relatively simple and well understood. Further, the ion-sheath effects
at the point of sampling are minimized because of the low level of ionization in
these systems.

EXPERIMENTAL

Detailed description of the apparatus has already been given (6). Figure |
shows the schematic diagram of the apparatus. Briefly, a coaxial discharge tube is
operated through a high-voltage d.c. power supply and the current is stabilized
through the use of an external current limiting resistor, R. Electrons moving through
the high field region present only at very close distances to the anode wire will
gain energy from the field and cause ionization of the gas molecules in this region.
Because of the symmetry of the electrodes, therefore, the system closely behaves as
a line source of positive ions which are continuously regenerated. These ions will
then move through the gas, perpendicular to the axis, undergoing various interactions
before reaching the cathode. A small sampling port (10 to 100 microns in diameter)
at the cathode allows a small portion of the ions to escape the discharge tube and be
analyzed by a quadrupole mass spectrometer.

The form of the electric field within the discharge tube is rectangular hyper-
bolic before the discharge is established. As the discharge is formed, however,
the presence of the positive space charge distorts this initial field, causing the
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latter to attain a constant value for the major distance between the electrodes (7).

Differential pumping of the sampling region and the mass spectrometer allows
operation of the discharge tube between pressures ranging from less than | torr to
atmospheric. An electron gun placed before the mass spectrometer serves as a indepen-
dent ionizing source for monitoring the composition of the neutral discharge gas when
no ions are extracted from the discharge tube. For such analysis, calibration curves
made on prepared gas mixtures, showing mass discrimination due to the specific flow
condition are used. A rapid flow of gas is maintained through the discharge tube in
order to avoid appreciable accumulation of neutral by-products of the discharge. For
this purpose a linear flow velocity is maintained such as to completely renew the
gas within the tube in two seconds. In systems where the concentration of "the electro-
negative gas (e.g. oxygen) is low, an external source of ionization through the use
of a weak radioactive source (e.g..Po2l0) is used to stabilize the discharge.

The general problem of mass spectrometric sampling from high pressure sources
has recently been discussed by several workers (8). In systems where condensable
gases are present, the temperature drop following the adiabatic expansion of the gas
through the sampling nozzle may cause condensation if such gaseous components are
present in sufficient concentrations. In the present experiments, the water content
of the gases under investigation has been chosen below 5 x 102 mole %. Under these

conditions, it can be demonstrated” that such condensations make negligible contri-
bution to the results.

RESULTS AND D!SCUSS IONS

Earlier experiments (6) on corona discharges in air at atmospheric pressure
clearly demonstrated the important role of trace quantities of water vapor in these
systems. .In nitrogen, oxygen and their mixtures, where the water content exceeded
4 to 5 x 1072 mole %, the dominant ionic species observed at the mass spectrometer
were those corresponding to hydrated proton clusters, (H20),Ht. These species were
apparently formed from the interaction of the primary ions with the water molecules
in the system as they passed through the gas to the cathode. In order to determine
the role of various reactions which lead to such clusters, low pressure experiments
were designed with individual gaseous components (e.g. 0y, Np) and their corre-
sponding mixtures with various quantities of water vapor. These experiments were

expected to reveal the formation of intermediate species and their final conversion
to hydrated protons.

Discharge in Nitrogen:

Experimedts'with nitrogen at low pressures, containing various concentrations
of water vapor show several intermediates which are formed through the reactions of
nitrogen ions with water. The results of a typical experiment showing the relative
abundances of various species reaching the mass spectrometer as the pressure of the
discharge is varied, are shown in Fig. 2. In this experiment, it can be observed
that as the pressure is increased, the abundance of the primary ion, N2+, is sharply
reduced while those of the intermediate ions, namely, Ny*, NoH* and Hy0* rise to a
maximum and then decrease as the tertiary ion H30+ begins to appear. This latter

jion also rises to a maximum at higher pressures as its more highly hydrated forms
appear. Thus the .two reactions:

N2+ + H 0 ——> N2H+ + OH, AH = -0.6ev m

and

“Calculations based on the maximum number of collisions of an ion with water mole~
cuiles present up to 10-! mole % in an expanding gas, assuming cross-sections of
10-!3cm2, show negligible contribution to the total.collisions that such an ion
and molecule will undergo within the discharge system.

These calcutations will be
published elsewhere.
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N+ Hzo——> Hy0" + Ny, OH = -3.0ey . (2)

appear to provide species which can further react with

water through reactions (3)
and (4) to form the hydrated proton: _ :

+ +
NZH + H20 —_— H30 + Nz, M

]

~3.bev. S 4(3)

H'ZO*’ + Hy0 ——> H‘30+ + OH, M = -lev .. )

The third and the- major intermediate, namely Nh whlch is formed through reaction of
N* with neutral nitrogen molecule (9) apparently also undergoes Teactions with water
similar to reactions (1) and (2) to form NaH* and H,0% ion. These reactions are also
expected to be exothermic. The relative abundance of N“ jion is found to be strongly
dependent on the field strength within the dlscharge tube. Specifically, the forma-
tion of a space-charge around the corona wire is found to strongly influence the
relative abundance of Ny* and No* ions in the system as this space-charge substantially
reduces the field strength within the discharge tube. In the experiments shown in
Fig. 2, the magnitude of E/P, the pressure reduced electric field for the major dis-
tance between the two electrodes, was calculated to be about 7- volt/cm. mm Hg.

Two other intermediate species have been observed in this system. These ions,
not shown in Fig. 2, are NyH* and N3H*. They apparently arise as a result of ion-
molecule reactions involving Nyt and N3+ ions in the system with water molecules and

-are expected to undergo proton transfer reactions similar to reaction 3, to yield
H30+.

Other jons observed were at m/e = 32 and 46. These ions are believed te arise
from trace guantity of oxygen which is inevitably present in this system as a result

of the decomposntnon of water. The ion of m/e = 32 is apparently 02+ while that of
m/e = L6 is N02 ' S

In a system of pure nitrogen where the water concentration was kept below
5 x 10-3 mole %, under similar dlscharge conditions as those presented in Fig. 2,
it was observed that the intensity of Nh ion rapidly increased as the gas pressure
was increased, reaching a plateau after a few mm Hg pressure. This plateau corre-
sponded to 95% of total ion intensity, with the remaining 5% being mainly due to
N3+ ion. This result supports the earlier reference to the presence of a tow E/P

between the two electrodes (9) and the lack of any appreciable ion-sheath near the
cathode.

Discharge in Oxygen:

Figure 3 shows the pressure dependence of the relative abundance of various
ionic species in a corona discharge in oxygen. This experiment -shows several marked
differences from those shown for nitrogen in Fig. 2. The most striking feature is

the presence of large abundances of hydrated forms of the pr(mary ion, namely 02+(H20)| 2

and their dependence on pressure. That the abundances of these ions appear to rise

to a maximum and then decrease at higher pressures with the formation of hydrated protons

strongly suggests their role in the intermediate processes., This evidence together
with the appearance of (HZO) + ions in the system, and the variation of its abundance
with pressure, i.e. rising to a maximum and then reducing at higher pressures, in-
dicates the operation of- an entirely new mechanism in this system for the formation
of hydrated protons. Moreover, the appearance of m/e = 37, (H20) Ht before the first
member of the series suggests that a reaction other than the hydratlon of H,0%, is
responsible for the faormation of this species. S$ince the ionization potential (I.P.)
of oxygen (12. 07ev) is lower than that of water (1.P. = 12.56ev), a charge-exchange
reaction similar to reaction 2, for nitrogen does not appear probable. Nor is it
likely that a reaction simildr to that of reaction 1, to form O,H* would occur, as it
appears to be endothermic. 1t is therefore probable that the hydrated form of the

primary ion, especially the species containing two water molecule may be a precursor
in the formation of the hydrated proton through the reactions:
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0, Hp0), === (10,7 + 0, (5)
(H,0)," + HO ——> (H,0),H" + OH . (6)
(H)0)," + 0, —> (H,0)H" + OH + 0, (7)

Reaction 5 is expected to be exothermic owing to the heat of hydration of H20+ ion.
It may also be possible, though unlikely, that any required energy for the reaction
be supplied through the electric field in the discharge.

One other ionic species which -may play a role in this system is 0+. However,
since the 1.P. of atomic oxygen (13.6lev) is greater than that of oxygen, this species
is mot observed in this system as it most probably undergoes charge exchange with
molecular oxygen at pressures used in these experiments. The reaction of 0% with 0,
to give rise to 0;%, if it occurs at all, is not observed in these experlments since

ozone has also a higher 1.P. (12.8ev) than that of oxygen and therefore 03 is similarly

expected to undergo a. charge-exchange reaction with 0.

Three other ions were observed in minor relative abundance in this system. These
ions are OH*, H,0+ and Hy0,*. The relative yield of the OH* ion is shown in Fig. 3
while the yuelds of Hp0% and H302%, being somewhat smalier, are not indicated. - It is
believed that the first two of these ions arise from an ion-molecule reaction and a
charge-exchange process between 0+ and water molecule respectively, and are detected
only at higher discharge pressures where such reactions compete with direct charge
transfer of 0% to oxygen molecules. Hy05% |on, however, may appear as a result of an
efficient charge transfer process between 02 ion and the trace quantities.of H30,,
apparently formed in the system by the recombination of hydroxyl free radicals, or the
reaction, HOp + Hy —> H0, + H, hydrogen being supplied through the decomposition
of water. :

In a system of pure oxygen; where the water content was kept below 5 x 10~ -3 mole %,
only two ions, 2 and Ob were observed within the pressure range investigated. The
abundance of Oh ion rises sharply as the pressure is increased while that of 02+ de-
creases and both reach a plateau beyond a pressure of 20 Torr in the discharge tube.
The relative abundance of Oy* in this plateau region was found to be about 62%.

Discharge in throggn Containing 0.12 mole % Oxygen:

In order to determine the role of oxygen in air discharges in the absence of
water vapor, a number of experiments were carried out in nitrogen containing 0.12 mole %
of oxygen. The lower limit of water vapor in these experiments was 5 x 10~3 mole %.
Fig. 4 shows the results of the relative abundance of various ionic species which are
detected at the cathode as:the pressure of the discharge is increased. These ex-
periments clearly trace the history of the primary ionic species, namely No* as it is
converted to Nh+ and the latter undergoes charge-exchange with the trace quantity of
oxygen present in this system. Thus, beyond a pressure of 20 Torr in the dlscharge
~ tube the charge carriers.in this system are almost all 0,*. The trace amount of N3
observed in the system is also all removed beyond a pressure of 15 Torr.

It i's significant to note that no nutrlc oxide ion is observed in thlS system,
|nd|cat|ng that neither the reaction Nu + 02 —~——> NOt + NO + N 2» nor Oﬁ + Ny —>
NO* + NO, occur to any appreciable extent, in spite of the fact that bot these re-
actions are expected to be exothermic.

Experiments in which water was not excluded showed the appearance of many ionic
intermediates of both pure oxygen and nitrogen and their mixtures. All these ions
could be traced and their final conversion to hydrated protons followed.

Discharge in Air:

Experiments-in air in the absence of water vapor (less than 5 x 10-3 mole %)
were carried out in order to determine the importance of ionic species of oxides of
nitrogen in these systems. The results of these experiments are shown in Figure 5.
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As expected from the previous sections, 0;¥+%on appears as the most abundant ion in
this system. "Also as expected, O4* ion appears in the system and as the pressure is
increased, it becomes ar important charge carrier and its relative abundance eventually
reaches a plateau. The appearance of the ion 02+(H20), hydrated form of molecular
oxygen ion, in this system, indicates the high affinity of this ion for hydration as
the gas contained less than 5 x 10-3 mole % water in the discharge tube.

Nitric oxide ion was the only oxide of nitrogen found in the system under the
experimental conditions used here. |Its relative abundance remained!constant as the
discharge pressure was varied between 2 to 40 Torr. The presence of NO* in these ex-
periments and its absence in experiments carried out in nitrogen containing 0.1 mole %
of oxygen, indicates that these ions are probably formed through the reaction

N2+ + 0, ——> No* + NO, oM = -h.Sev (8)

Assuming that 02+ arises eiti.er through charge-exchange with N2+ ion or by
direct electron impact on neutral oxygen molecule, one can use the data in these ex-
periments to obtain a relative ratio of the rate-constants for the charge-exchange
reaction of No* with oxygen to that of jon-molecule reaction (8). This ratio is found
to be equal to 8, a value which is lower than the ratio of the published values of
these rate-constants (10). This indicates that possibly other reactions such as N* +
0; — NO* 0 and 0* + Np —— NO* + N or others involving neutral atomic species
also contribute to the total yield of NO* ion.

CONCLUS 10NS

Mass spectrometric studies of low pressure positive d.c. corona discharges in
atmospheric gases containing trace quantities of water vapor show a complex series
of reactions with each component leading to the formation of hydrated protons in the
system. In the case of nitrogen, intermediate species NpH* and H,0t are presumably
formed through ion-molecule reaction and charge-exchange of N2+ and Nyt with water
molecules. These species later form the hydrated proton through proton transfer re-
actions in subsequent collisions with water molecules. In moist gaseous oxygen, it
appears that. the hydrated form of the primary ion 02+(H20)2, plays an important role
in the conversion of the charge carriers to hydrated protons. |t is suggested that
this transformation may occur through the formation of the intermediate (Hp0),% which
has been found in this system. In experiments where water vapor is excluded from the
system, a concentration of 1.2x 10-1 mole % oxygen can transform, through charge-
exchange reactions, all ionic species of nitrogen to 02+ at a discharge pressure of
20 Torr, and that ion-molecule reactions leading to the formation of oxides of
nitrogen are by far less probable within the pressure range investigated.
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SYNTHESIS OF ORGANIC_COMPOUNDS BY THE ACTION OF ELECTRIC
DISCHARGES IN SIMULATED PRIMITIVE ATMOSPHERES

C. Ponnemperuma, F. Woeller, J. Flores, M. Romiez, and W. Allen

Exobiology Division
National Aeronauvtics and Space Administration

Ames Research Center

Moffett Field, California
In the study of chemical evolution we are interested in the path by which

molecules of biclogical significance could have been formed on the primitive
. earth in the absence of life. It is generally accepted that the primitive
atmosphere of the earth consisted mainly of methane, ammonia, and water. Various
forms of energy such as ultraviolet light from the sun, electrical discharges,
heat, and ionizing radiation acting.on this atmosphere must have given rise to
a wide variety of organic substances.

Table I gives a summary of the sources of energy on the earth's surface
today. (1) It is probable, therefore, that solar energy must have made the
principal contribution to the synthesis of organic compounds in primordial
times. Next in importance are electric discharges, such as lightning and corona
discharges from pointed objects. These occur closer to the earth's surface and,
hence, would have more effectively transferred the organic matter synthesized
to the primitive oceans. This paper describes attempts to simulate .some of the
reactions which may have taken place on the prebiotic earth, through the action
of electric discharges. : :

‘While extensive work has been done on the effect of electric discharges on
various organic molecules, relatively few experiments have been performed to
elucidate its role in chemical evolution. Some of the earliest such investiga-
tions were carried out by the chemist Haber. Beutner, in his book entitled "Life's
Beginning on the Earth,” recalls how Haber performed numerous experiments in which
electrical discharges were sent through carbon containing gases like methane,
carbon dioxide, etc., with the aim of obtaining sugars. (2) Although traces
of some sugars were formed, a large number of various other substances were
also synthesized. Haber thus came to the conclusion that by means of electrical
discharges through carbon containing gases, "practically any substaence known to
organic chemistry can be found.” ’

Perhaps the most celebrated experiment in this field was performed by Stanley
Miller in Urey's laboratory in 1953. (3) Miller submitted a mixture of methane,
ammonie, and water in the presence of hydrogen to electrical discharges from tesla
coils. A large number of organic compounds were formed. Among these, four amino
acids were identified. Miller postulated two alternative possibilities for the
mechanism of synthesis of amino acids. According to the first, aldehydes and
hydrogen cyanide are synthesized in the gas phase by the spark. These aldehydes
and hydrogen cysnide react in the aqueous phase to give amino and hydroxynitriles.
These nitriles are, in turn, hydrolyzed to amino. and hydroxy acids. The mechanism
is essentially & Strecker synthesis. A secand suggestion made was tlmt the amino
and hydroxy ecids were synthesized in the gas phase by ions ard radicals produced
in the electrical discharge. Miller's subsequent work has shown that the first
mechanism is the one most likely to have produced the amino acids. (4) The rate
of production of aldehydes and hydrogen cyanide by the spark and the rate of
hydrolysis of the aminonitriles were sufficient to account for the total yield
of amino acids.
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In our. experimental work, we have endeavored to study the mechanism by which
various molecules of biological interest could have been formed by the action of
. electrical discharges. A series of experiments was outlined in which the starting
» materials were varied. Four different classes of experiments have been performed;
with methane; with methane and ammonia; with methane, ammonia, and water; and with
methane and water. .

- The effect of a semi-corona discharge, & low 1nten31ty arc dischagge and a

high intensity arc discharge on gaseous methane was first investigated. The current

through the discharge was measured by the vcltage drop across a resistor with the

( cell. For the semi-corona discharge, the cell current was O.4 m. amp, 0.5 m. amp -

i for the low arc, and 10 m. amp for the high arc discharge. Gas chromatography and

© mess spectrometry were used for the analysis of the end products. - Comparative re-

\ sults of the analysis of hydrocarbons up to Cs are shown in Table II. In the semi-
corona most of the methane remained unreacted after a 24-hour discharge. Some ethane

~ and propane were formed. There were small amounts of ethene, propene, and substituted

paraffins. 1In the case of the low and high arcs, ethylene and acetylene were also
present.

The analysis of the hydrocarbons from C6I- Cg reveals that the semi-corona’
gave unsaturated substances while the arc discharge gave rise to aromatic compounds.

. The semi-corona cell yielded a colorless distillate, the gas chromatogram of which’

" was poorly resolved. The high intensity arc gave a yellow fluid, the chromatogram
of which had well spaced peaks. 3Benzene was the most abundant with toluerenext in
order of magnitude. The peaks from the semi-corona chromatogram were identified by
the use of mass spectrometry as: 2,2-dimethyl butane, 2-methyl pentane, 3-methyl ‘
pentane, 2,4-dimethyl hexane, 3,u- dlmethyl hexane. In figure 1 the chromatogram

v of the semi -corona discharge products (low) has been superimposed on that from the
‘high intensity arc (high). The results presented here show that the character of
ccmpounds in the range of interest appears .to be determined by the type of discharge
more than by any factor. (5)

. e

o

) We have also examined the composition of the hydrocarbons above Cq in the prod-
‘ucts of the semi-corona discharge. The gas chromatogram is very unresolved (Fig. 2).
No normals or branched-chain isoproprenoid hydrocarbons were identified. Analysis

\ of the mixture by mass spectrometry shows that the compounds are possibly cyclic

in structure.

) The effect of an arc discharge on anhydrous methsne and ammonia was next inves-
tigated for two reasons. Firstly, such a study would help us-to understand the
pathways by which some organic compounds such as amino acids can be synthesized.
Secondly, reactions of this type would simulate, to some extent, conditions which

‘may exist on the planet Juplter.

In this 1nvest1gat10n, we have used reaction vessels of about a liter in
volume containing an equimolar mixture anhydrous methene and ammonia up to a pres-
\ sure of 0.5. The electrodes consisted of gold wires about 1 cm apart. A typical
reaction lasted for about 15 hours. The current passing through the system was
about 0.5 mA. The end products consisted of: (1) gases, (2) a colorless. distillate,
,hand (3) a ruby colored residue.

—e

In the present study, our attention was primarily directed to the colorless
distillate. The volatile products were vacuum distilled into a U-trap et -78°C and
{ analyzed by gas chromatography (Fig. 3). The fractions corresponding to each peak
! were collectéd for subsequent mass spectrometric analysis. The GLC retention time,
the mass spectrometric fragmentation pattern, and the NMR spectrum established the

——
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identity of each of the fractions separated by gas chromatography. Ammonium cyanide,
methyl cyanide, ethyl cymenide, a-aminocacetonitrile and its C-methyl and N-methyl
homologues were identified. The a-aminonitriles on hydrolysis give rise to a-amino
acids. These nitriles may prcvide a reasonable pathway for the origin of amino
acids under prebiological conditions.

In same <f our dischérge experiments, we turned to the question oF the orlgln
of monocarboxylic acids under prebiotic conditions.. If we assume that pre-existing

(abiotically synthesized fatty acids were necessary for the functioning of selective

membranes, some mechanism must have existed for their formation. The reaction be-
tween methane and ammonia appears to provide such a pathway. When a mixture of

methane and water exposed to a semi-corona discharge and the end products examined
after saponification, the monocarboxylic acids from Co - Cjo were. identified. (7

The volatile acids Cp - Cg were examined as. their free acids by gas chromato-
graphy. A resulting chromatogram.is illustrated in Flgure 4, The- individual peaks
vere then trapped and their identity confirmed by mass spectrometry. "Acids contain-
ing seven or more carbon atoms were analyzed as methyl esters. The methyl esters,
after chromatography, were examined by mass spectrometry. Of eleven major peaks

obtained by gas chromatography (Fig. 5) only one appears as the normal methyl ester.

Presumably, the remaining peaks represented branched-chain isomers. -

While it is clear that in the case of the longer chain fatty acids several
isomers have been produced, only a few of the innumerable possible compounds are
realized. A:preferential synthesis of some type appears to be favored. Theoreti-
cally, the branching of carbon chains, which is favored in free radical reactions,
may be repressed by steric restrictions when the lengthening carbon chains are
absorbed on monolayers. An attempt to favor the formation of straight chain acids

by placing the agueous phase in close proximity with the discharge zone did not

produce any change in our results.

In the stﬁdy of prebiotic organic synthesis, perhaps the most relevent experi-
ments involve the use of all the main constituents of the presumed primitive earth .

_atmosphere. We have therefore exposed a mixture of methane, ammonia, and water to

a discharge from tesla coils simulating lightning on the primitive earth. At the end
of & 24-hour discharge, the gas phase analysis has shown that over 90% of the start-
ing methane has been converted into organic compounds.. Of this, about 45% is found
in the water fraction. 18% of the water soluble material is-in the form of cyanide.
The formation of cyanide in this-reation is significant in the light.of the multiple
role played by hydrogen cyanlde in organic synthesis.. (8)

The analysis of the end Droducts of this reaction by paper chromatography re-

. veals that a large number of organic compounds were formed but none of these cor-

responded to the commonly occurring amino acids. A certain amount of material
appeared at the origin. However, when the reaction products were hydrolyzed with

© 6N HC1l for 24 hours and then analyzed, a large number of amino acids were formed

———
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(Fig. 6). Among those identified are nine which are commonly found in biological
materials; glycine, alanine, aspartic, glutamic, threonine, serine, isoleucine,
leucine, and phenylalanine. The results obtained by ion exchange analysis were
confirmed by gas chromatography. The evidence, thus, points to the fact that the

,'amino acids were already polymerized in the solution of end products. Separation

by the use of a biogel-P column gave us a fraction having a molecular weight in the
range 186 to about 2,000 and whose l-dimethylaminonapthalene -5 sulphonyl chloride
(DNS) derivative showed a single band on electrophoresis. When this fraction was

. hydrolyzed, the amino acids aspartic, serine, glutamic, glycine, and alanine were
obtained. :
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This result 'is significant in the context of chemical evolution. It has
generally been thought, that amino acids had first to be synthesized and then
condensed together into a polymer. The synthesis of a polypeptide in an electric
discharge experiment reveals that such a sequence of reactions may not have been
necessary. If a suitable condensation agent is present the polymer appears to be
Tformed as soon as the acids are synthesized. In our case, the condensation agent
is probably hydrcgen cyanide. The presence of 18% hydrogen cyanide in the reaction
mixture combined with the fact that in previous experiments we have beeh able to
condense bases and sugars. with cyanide support this hypothesis.

The different experiments that have been described so far reveal that impor-
tant biclogical molecules.can be synthesized by the use of a form of energy which
existed ¢n the primitive earth. These conditions may be considered to be genuinely
abiotic since the materials used are the constituents of the presumed primitive
earth atmosphere, the conditions are aqueous, and the form of energy is one that
is likely to have occurred on the earth before the appearance of life.
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TABLE I

o ENERGY
SOURCE (in cal em=2 yr-1)
o
Ultraviolet light ( 2500 A) 570
Electric discharges 4
Radio activity 0.8
Volcanoes ’ O.lj
TABLE IT
High Arc .Low Arc Semi-Corona
Total hours of current flow 1.5 Lo L8
Electrode voltage 1400 2500 9400
Cell current (m. amp) 4.0 : 0.5 0.3 -
% Loss CHy/h ~ 6.6 1.1 0.6
End prcducts (%)
Ethane 32 20 58.8
Propane 2 ‘ 5.2 36.8
Ethene ’ : 32 2.4 1.5
Prcpene : -- 1.9 0.6
Acetylene ) 27 ka.s 0.0
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The Dissociation of Metal Halides in Electrical Discharges
Fo K. McTaggart

Diviasion of Mineral Chemistry, C.S.I.R.0. Box 124, Port
Melbourne, Victoria, Austiralia.

Introduction. The effect of the energetic electrons produced
in electrical discharges in dissociating gas molecules is well known,
and is the basis of the chemical reactions that are observed in plasma
systems. Since gases such as 02, l2, NZOOJ Cl,, as well as vapours of
organic and other compounds have been dissociated to atoms a.nd/or
radicals, it appears logical to suppose that many other molecules would
behave similarly. This paper describes the dissociation of the halides
of the Group I, II and III, and rare earth metals.

Experimental. Ideally, the halides should be introduced into
the discharge tube in the form of vapours at suitable pressures. Due
to the wide range of volatilities occurring in the above compounds and
.to other experimental difficulties it proved more convenient to use
carrier gases, and to volatilige the halides from small boats contained
within the reaction tube by heating tbhese boats to suitable temperatures.
It was usually possible to make use of the heat generated in the plasma
itself for this purpose. Samples were placed upstream from,or within
the central plasma region,in positions where heat sufficient to give the
desired rate of volatiligation was producede Since heating of solids
due to atomic recombination is largely a surface effect it was also
possible to vary the sublimation rate of samples by changing the surface
area exposed to the plasma.

Both inert geses (in perticular He and N,) and hydrogen have been
used and certain reactions which are discussed beiow appear to involve H
atoms as well as dissociative effectse These gases were of commercial

purity, the He and H2 being purified by passing them over zirconium powder

heated to 800°C; although no essential differences between the cylinder
gases and the purified geses were observed. Pressures of the carrier

gases were varied between 0.5 and 2.3 mm.. Halides used were of A.R. grade,

but in certain cases impure compounds were deliberately used in order to
determine the effects of impurities on the dissociation and on the purity
of the metal obtained.

Extensive use was made of a 2450 mC magnetron gemerator (Mullard
JN2/2.51) which although capable of an output in excess of 2 kW continuous
wave power, was Seldom operated at inputs higher than 600 watts. Radio-
. frequency energy from the magnetron was fed via a 50 ohm air dielectric
coaxial line, to a section of waveguide operated as a resonant cavity by
means of a sliding plunger inserted into the open end. The discharge
tube passed transversely through the guide at a point of maximum electro-
static fields Some investigations, involving the chlorides of Ii, Be,
and Al, which dissociate very readily, were made using an "rf" gemerator
consisting of a 4-125A vacuum tube at a frequency of 30 mC, the power of
which could be varied from close to zero to about 400 watts. In these
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: cases' the reaction tube passed through the "tank coil™ of the output

circuit.

Conventional methods of analysis were used to determine a/ the
amount of metal deposited, b/ the undissociated halide sublimed onto the
reaction tube, and c/ the halogen or hydrogen halide collected in the
liquid air trap which followed the reaction tube in the flow aystem.

Resultse From all the halides studied it was possible to
separate metals, often in good yields.

The lithium group comgounds1 dissociated in ﬁoth inert carrier gaseé and

~in H, to glve metals and the relative reaction rates were determined for

the Iodides, bromides, chlorides and fluorides of Li, Na, XK and Css Some
of these are shown in Table 1, It will be noted that for any one metal

Table 1

Relative Reaction Rates for the Halides of 1i and Na

Compound| Bond Rel. React. . Compound | Bond Rels Reacte.
Energy Rate Energy Rate
‘LI 82 232.5 - Bal 712 26.0
- I4Br 102 101.5 HaBr 89 15.0
1161 15 | 66.5 - ¥eCl 99 . 1040
e 138 "~ 19.0 NaP 108 5.0

the rate ias greatest for the iodide and least for the fluoride as might

be expected from the bond energies (also quoted). However in going
from one metal to another it is seen that bond energy is not the main
factor involved since, for example, the rates for IiI and Nal are 232.5
and 26,0 while the bond ensrgles are §2 and 72 respectively, The rates
presumably depend largely on the energy levels to which the molecules

- must be raised before dissociation will occur. Not a great deal is

known about these energies and they appear to depend more on the naturse
of the metal atom present than on the halegen.

The effeot of variation of sublimation rate (partial pressure)
for NaCl is shown in Figure 1 for several input powerse. All the Group I
halides gave curves of similar shapes As the sublimation rate decreased
the percentage dissociation increased to a maximum beyond which there
were insufficient halide molecules to "use up" the electrons having
sufficient energy to dissociate thems For sny one power the mmount of
halide dissociated was almost independent of sublimation rate (see Table
2)e  As expected, an incresse in power resulted in inoreased dissociation
and an empirical relationship Rate = KP!*7 was found to apply through-

out. The highest yield of metal obtained during the experiments was
704 1ithium from Lil.

1o MoTaggart, F. K. Aust. J. Chem. 18, 936, 949 (1965).




Table 2

Dissociation of NaCl in H2 at 1.0 mm for Various Input Powers

Sublm. Rate . mnole/hour Na produced
mole/hour :
168W 220W 270W 320W
005 . Ol11 00160 nl - -
1.0 . Oetd : 0.158 ¢ 0.225 0.280
1.5 © 04105 ; 0.145 ! 0.223 0.255
2.0 H Q.12 1 " 0l1 56 . 00230 00270
2.5 I - | 0,175 | 0.250 0.287
3.0 ! - . - : 0.264 | 0.291
4.0 ; - . - 0.240 : 0.280
L _J‘ (
! 0.239 % 0.277

Mean o.111 ! 04159

Figure 2 shows the effect of carrier gas pressure at constant
power. A meximum in metal production occurred at about 1.5 mm pressure.
For H, this pressure coincides clogsely with the highest concentration of

H atoms, and is probably related to the concentration of electrons having
sufficient energy to cause dissociation. The reaction rates appeared to
be substantially independent of the nature of the carrier gass

The fact that considerable quantities of highly reactive metals
are deposited in atmospheres of even more highly reactive gases, namely
halogen atoms, suggests that these halogen species may be in the form of
negatively charged ions. Such ions, having a complete outer shell of
eight electrons, would be non-reactive chemically, and if neutralizstion
of their charges is delayed until they are swept clear of the metal
deposit, an explanation of the apparent absence of appreciable back
reaction would be afforded. Mass spectroscopic studies are being made
on the neture of the species in these discharges to elucidate this matters

The Group IT compounds. The majority of the halides of Be, Mg, Ca, Sr
and Ba were investigated. Rates of dissociation did not appear to very
as widely as those of Group I. As optimum conditions were approached
for each compound, all the halide vapourized was dissociated and deposits

were formed on the walls of the reaction tube in which metals and dihalides

were found in equi-molar proportionse This points strongly to the
formation of unstable monohalide molecules in the discharge, which dis-
‘proportionate to yield the observed products. Again the diessociations
were not dependent on the carrier gas employed. BeCl,, one of the more
volatile halides in this group, and one of the most eaSily dissociated of
all the compounds studied, may be broken down in the lower frequency
apparatus mentioned previously.

Metals could be sepsrated from the dihalides in the deposits by
weans of suitable solvents for the letter, or in some cases by vacuum
sublimation of the dihalide.
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Group ITI compounds. No 1n¥estigations have been made on the compounds-
of boron. Markovskii et al.® reported in 1958 that BCl, was reduced to
elemental boron by H atoms, and the present work on aluminium halides
supports this claim.

When inert carrier gases were used there was a very limited
deposition of metal from Al and So halides amounting to only a few
per cent of the vapour passed through the discharge, but when hydrogen
was employed much higher yields of metals were obtained. It would
appear, therefore, that at least one step in the decomposition involves
a H atom reaction, and the process may well be, for AlCl,s~ initial
dissociation of A1Cl, to AlC1l. : H atom reduction of AlC 2 to Al1C1

disproportionation o% AlC]1 to Al and A1Cl.,. A mass spectromeiric
examination of the species present in the’discharge revealed AlCl in
readily detectable quantities but no A1Cl, was observed. Yields of up
to 55% Al metal have been obtained from AECI in a single psss through
a 2450 mC plasma, and if a second discharge Was produced downstream
more Al depositeds The rate at which A1CY, decomposes, with
comparatively low power, and with its intenge blue plasma mgkes this
reaction one of the most spectacular of those studied. The relatively
involatile AlF, also dissociated quite readily to give the metal,
although it is“not easily handled in the experimental apparatus described.
The chloride and fluoride of scandium behaved in a similar menner- to the
corresponding aluminium compoundse

Al1Cl, also dissociated readily in the lower frequency apparatuse
It should be aentioned here that the chief difference between the wave-
guide and the coil-coupled apparatus appears to be that in the former
the electrons are accelerated to higher energies since the electrostatic
field is concentrated between the resonator walls where a high potential
gredient exists in a direction axial to the discharge tube. By
comparison the E field in & coil is muoh more randomly distributed.

Rare Earth Compounds. We have not as yet had an opportunity of studying
these halides systematically, but preliminary experiments have shown
that they behave in a manner similar to A1C1.,, That is, there is only
limited dissociation to metal in an inert cafrier gas, but with hydrogen
satisfactory yields of metals are obtainede Thus Ce and La result

from CeF,, CeCl 3 LaF., and LaCl . If, for exsmple, chlorides contain—
ing appreciable quantities of onchlor‘lde are used for the dimsooiation

~ this impurity is left in the sample boat and a highly pure metal is

deposited. Such reactions may therefore prove of use in the preparation
of certain metals.

2. Markovekii, L. V., Lwvova, V. I., Kondrashev, Y. D., Ber. Tr. Konf.
po Khim. Bora i Ego Svedin, 36 (1958).
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THE GLOW DISCHARGE DEPOSITION OF BORON

A. E Hultquist and M. E. Sibert

" Materials Sciences Laboratory
Lockheed Palo Alto Research Laboratory
: Palo Alto, California

! : INTRODUCTION .

, Many ncw materials concepts are evolving out of aerospace materials technology. One of

» the most promising of these is that of boron filament-reinforced composite structures.
. Incorporation of continuous boron filament in a suitable matrix could yield a structure with
* the strength of high-strength steel, the rigidity of beryllium, and the density of magnesium.

+ A large-scale development effort is currently concerned with fabrication of such structures.
Once this has been achieved, large amounts of filament must be made available at reason-

. able cost to make large-scale usage practical. Present technjques for filament production
are based on scaled-up laboratory chemical vapor deposition procedures, and major tech-
nological development is required to result in large~scale production. As a result, many

i other new and novel techniques for filament preparation have been investigated with the

| intent of developing alternate approaches. :
This study is concerned with investigation of one such approach, that of deposition in an

, electrodeless glow discharge. Basically a high-voltage, low-amperage, high-frequency rf

. currcnt is imposed across a boron-containing gas, resulting in a high degree of ionization/
activation of the ions present. Boron then deposits out in elemental form on all surfaces
within the glow discharge area. Use of proper deposition conditions confines the glow
largely to the filament substrate. By passage of the filamentary substrate continuously

' through the discharge, the approach is potentially capable of high rate filament formation
with excellent uniformity and reliability. Variation of current input can result in deposi-

), tion at any point from room temperature up to 800—1000°C. Both metallic and non-

metallic substrates can be employed. Deposition is achieved at low pressures of the order

of a few mm.

i

The bulk of the work described has been carried out using a fixed filament system in order
% to study the effects of operating parameters. Work has also been confined to the hydrogen-
boron trichloride system. The approach has been studied with respect to ratio of reactants,
total system pressure, voltage, current, and type of substrate. The most recent work is
) concerned with development of a continuous system and adjustment of parameters to produce
, desired deposition characteristics.

Literature in the area of glow discharges is very extensive, but work on chemical reactions
in discharges, such as are of concern to this work, is very limited. Some work has been
L done on effects of discharges on boron compounds together with a small amount of work on
i * deposition of boron as amorphous powders

) Holzman and Morris (Ref. 1) have reported formation of BoCly from BClg in an electrode-

less glow discharge. BCI was the principal intermediate in the course of the reaction,

. Kotlensky and Schaeffer (Ref. 2) have described decomposition of diborane in a low-pressure

glow discharge to give higher hydrides of boron. Rosenberg (Ref, 3) has studied the reac-

L tion of boron halides with nonmetal oxides under the influence of electrical discharges.

\ Markovskii et al. (Ref. 4) claim to have prepared elemental boron of 99. 9% purity through
reaction of boron trichloride and hydrogen in a glow discharge. However, efforts to dupli-
cate this work indicate that the conditions employed lead to effects more like an arc than
a glow discharge. Related, although distinctly thermally rather than electrically initiated
processes, are the orlginal arc preparations of pure boron as carried out by Weintraub

l\ (Ref. 5) and Kroll (Ref. 6). Other references to behavior of boron compounds in electrical .

j discharges are given in the report of the International Symposium on Electrical Discharges .

\  in Gases (Ref. 7).

Q
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EXPERIMENTAL WORK

Apparatus. The basic apparatus utilized for parametric studies employing a fixed substrate
is shown in Fig. 1. The reaction vessel is a simple pyrex tube with the substrate filament
suspended down the central axis and suitably sealed at each end. The reactant gases are
admitted at one end of the tube and exit at the opposite end. Electrodes are simple con-
centric copper strips which may be moved along the tube for optimum positioning. The
glow discharge then forms between these electrodes. Both horizontal and vertical reactor
configurations have been employed; the vertical system is preferred since gubstrate align-
ment is better controlled. The vertical arrangement is also more amenable to moving
filament systems for continuous filament preparation. Both air and water cooled reaction
vessels have been evaluated. Water cooling was originally instituted to minimize sidewall
deposition; later work demonstrated that this could be accomplished by regulation of gas
composition and current input so as to confine the glow area to the central area of the
reaction tube. A three compartment chamber was used so that these experiments could be
performed before the system was opened for examination.

The balance of the system is largely a gas flow system. Hydrogen is passed through a
catalytic cartridge and a liquid nitrogen trap for removal of oxygen and water impurities.
Boron trichloride is fed into the hydrogen stream. Both lines have appropriate flowmeter
devices. The boron trichloride is controlled at the cylinder valve; satisfactory control
with respect to potential condensation is obtained by bleeding the gas into a section of tubing
at operating pressures and heated to 35°C. Hydrogen flow is regulated by a stainless steel
steel needle valve just downstream from the flowmeter. The combined hydrogen-boron .
trichloride stream then passes into the reaction chamber. Exit gases from the reactor
pass successively through a trap for condensation of unused boron trichloride, past a
manometer, through a Cartesian manostat, and thence to a mechanical vacuum pump.

The power supply is a Lockheed-designed 3 Mc oscillator capable of about 30 W output;
however, only a portion of this output is available as rf power, about 20 W at 1400—1500 V.,
The first 20 turns of the large coil (Fig. 1), and the capacitance connected across them,
act as the tank.” The tank is a resonance combination wherein the energy is alternately
stored in the condensers and in the field of the coil, with interchange occurring at a fre-.
quency determined by the coil inductance and capacitance of the condensers. A variable
condenser included in the tank allows its frequency to be matched to that of the secondary,
When such matching occurs, the coils are efficiently coupled, and rf power is drawn from
the secondary. This power is fed into the primary by a 6146A transmitter tube activated
at proper frequency by feedback from the tank. This is done through a condenser and a
resistor wound with a coil, serving as a low-Q resonance circuit to suppress high frequency
parasitic oscillation. A 47K resistor allows the grid to be seif-biased. An rf choke pre-
vents loss of power into the backup power supply. Two 10K resistors and a 7500 Q resis-
tors serve as a voltage divider for the screen grid.

Materials. The boron trichloride used was electronic grade supplied by American Potash
and Chemical Co. Hydrogen was a high purity laboratory grade (BB-H-886) supplied by
Air Reduction Co. Quartz monofilament utilized as a substrate for most of the work was
obtained from the General Electric Co. Glass filaments were drawn from pyrex glass rods
by the LMSC glass shop.

General Procedure. Experiments were started by evacuating the assembled apparatus to

1 mm Hg pressure. The leak rate was determined by turning off the pump and noting the
increase in pressure over extended time periods. A leak rate of less than 0.05 mm Hg/min
is necessary to avoid boron oxide formation. When the system was determined to be essen-
tially leak free, a flow of hydrogen was introduced and allowed to sweep through the appa-
ratus for 15 to 30 min, The desired gas pressures and flow rates of hydrogen and boron
trichloride were established, the power supply for the oscillator turned on, and the flow was

. initiated by adjusting the variable capacitor. At the end of the experiment, the flow discharge

and the boron trichloride flow were turned off and hydrogen allowed to sweep through the
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apparatus for 10 min to remove unreacted boron trichloride. The pump was turned off and
the apparatus returned to ambient pressure using hydrogen. The apparatus was then dis-
mounted and the sample removed.

RESULTS

Preliminary Experiments. Initial experiments were made to observe operating character-
istics while cxciting hydrogen gas in a glow discharge. Glow discharges were initiated in
hydrogen at pressures of 6, 15, 36, 40, 60, and 81 mm Hg and at flow rates of about 40 to
100 cc/min. Electrode separations of 0.75, 1.0, 2.0, 3.5, and 4.5 cm were used. The
glow was initiated by tuning the capacitor at maximum voltage to obtain an input current of
105 mA. The effect of power input to the oscillator on the glow discharge was determined
by varying the voltage. The change in glow is reflected in the current drawn by the oscil-
lator at any particular voltage and capacity setting. The following characteristics were
observed: .

.® Increasing gas-flow rates reduces the glow intensity.
e Increasing pressure reduces the glow intensity.
® In general, glow intensity is reduced as the electrode distance is increased.

Glows were maintained in the presence of a dielectric and a conductor filament to determine
their effect on glow characteristics. The presence of a strand of quartz, QFY-150 to 204
end, 1/0, with oil starch finish, d = 0.004 in., did not affect the operating characteristics
of the glow. However, the presence of a 5-mil tungsten wire resulted in considerable
changes in the glow. The tungsten wire acted as a ground connection, and the ground lead
from the oscillator could be disconnected without affecting the glow. The glow wis con-
centrated at and spread out along the wire., This system used much higher currents and,

as a result, considerable heat was generated. A mirror was deposited on the reaction tube
walls. .

A series of experiments were performed using glass and quartz substrates to determine
approximate conditions necessary for the deposition of boron. A qualitative description of
the process was obtained from these observations. The data shown in Table I describes
the experimental conditions along with pertinent observations. The results have been
summarized in the following qualitative statements: .

® Wall deposition is favored by high hydrogen and low BCl3 flow rates.

® Deposition on the filament substrate is more pronounced at higher flow rates of
BCl3.

® Use of a water cooled reactor lowers wall deposition,

® Small leaks of air result in the formation of the oxide rather than the metal (see
experiment 07-18A and Fig, 2).

® Under certain conditions of power input and gas flow, a brown deposit is formed
that hydrolyzes on exposure to air and evolves a gas (see experiment 07-20A and
07-21A).

® Thick deposits of boron can be produced in reasonable times and conditions (see
Fig. 3).

Following these preliminary experiments, flowmeters were calibrated and the quartz mono- ,'

filament substrate was characterized in terms of physical and mechanical properties. A
study was then initiated on effects of the various process parameters.

Parametric Study. ‘A study of the effect of process parameters on the deposition of boron
using the static filament apparatus was conducted. The parameters studied include system
pressure, reactant gas flows and ratios, electrode separation and configurations, and field
strengths. The evaluation of certain parameters has been quantitative and was based on
the weight of boron deposited or on the thickness of the ‘deposit at the midpoint of the fila-
ment. Other parameters were evaluated by a qualitative description of the deposit.
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(b) Surface of Deposit at Broken End (220x)

Fig. 3 Boron on Quartz
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This study is only an approximation of the moving filament system. The movement of the
filament in a continuous system averages the effects of all the parameters so that the fila-
ment sample is prepared in a uniform manner. The edge effects noted on the filament
situated under the electrodes would not be evident in a continuous system.

Material efficiencies are based on the amount of boron produced from the total amount of
boron passed through the reactor. The electrical efficiency is based on the amount of
boron produced divided by the theoretical amount that could be produced by the total charge
passed using the reduction equation B*3 — BO + 3¢. The current was measured by an rf
ammeter placed in the electrical circuit.

(1) Electrode Conﬂguration

The experxments performed previously have used electrodes made from copper foil, The

_ electrodes are shown in Fig. 4. It was the purpose of one of the series of experiments

conducted to determine if other electrode configurations would be desirable. The configu-
rations shown in Figs. 4b, 4c, 4d, and 4e were used. The following qualitative observa-
tions were sufficient for determining the best design at this time:

o The plate electrodes parallel to the gas flow shown in Fig. 4 produce a glow but
no boron deposition with gas flows and reactant concentrations known to deposit
boron when ring electrodes are used.

e The large sheet electrodes shown in Fig. 4d encourage the deposition of boron on
the side walls between the electrodes. ’

e ' Electrodes, using No. 16 copper wire, hooked up as in Fig. 4a produce a minimal

' amount of sidewall deposition, and inﬂuence of the electrodes on the deposit under- .
neath is also reduced.

e Electrodes, using No, 16 copper wire, hooked up as in Figs. 4b-and 4c produce
uneven glows and deposits. The glow will be intense between two of the electrodes
while the glow between the other electrodes is very faint. The conductivity of the

' gas phases, electrode separation, and 1imitation of the current output of the oscil-
lator are probably important factors. :

On the basis of the results observed, copper wire electrodes wound around the reactor tube
as in Fig. 4a have been used in the process study.

(2) Electrode Separation
The effect of electrode separation on the deposition of boron is 'shown in Table II. The gas
flow, reactor pressure, and electrical parameters were the same in all cases. The data
show a rise in efficiency as the electrode separation is increased to 2.654 cm.

Table I

EFFECT OF ELECTRODE SEPARATION

Electrode | Deposit| Deposit Total ’
distance length | weight |[thickness hfdfx;.tqﬁal Electrical
(cm) (cm) |(hgm/cm)| (mils) | Officiency | efficlency
0.62 0.85 |, 35.3 1.8 0.34 10.76.
2,22 2,15 23.4 1.67 0.69 11,62
3.16 2,22 25.3 1,72 0.66 11,41
2.54(a) 2.16 46.5 2,22 1.16 1 2,66
(a) Reactor' walls grooved at electrode pos'itlons.. o
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Increasing the distance beyond this does not increase the efficiencies or the length of sub-
strate upon which deposition occurs. The last experiment shown in this table indicates
considerable improvement in efficiencies at 1-in. electrode distances. The reactor is
pinched at'the electrode positions in this experiment so that the gas stream is forced closer
to the substrate. This results in considerable improvement in in efficiencies.

(3) Ratio of BCl4 to Hydrogen |

The ratio of BCl4 to hydrogen has very little effect on the efficiency of the reaction, This
is shown in Table Il. The increase in efficiency at the very low ratio is probably due to
the use of the pinched electrode positions in the reactor walls. The efficiencies are so -
low, the quantities measured are quite small and the material efficiencies shown are not
significantly different. In keeping with this observation, the electrical efficiency remains
constant over this flow ratio range and indicates that the electrical energy is primarily used

- in activating atoms or molecules and producing electrons which then react with the other

gases. Since hydrogen is the predominate gas it can be presumed that the particular fre-
quency employed in the system results in ionization of the hydrogen.

Table III

EFFECT OF FLOW RATIO

Material

Mole Reaction Electrical
ratio time efficiency efficiency
BClg/Hg (min) (% per pass) | (% per pass)
0.22 .7.80 0. 046 1.2
0.19 . 5.0 0. 044 1.1
0.12 10.0 0. 06 1.1
0.08 20,0 0.14 1.2

As the mole ratio of BCl3 to hydrogen is increased from 0. 22 to 0. 66 (near stoichiometric)
and by reducing the hydrogen gas flow, the appearance of the glow and the character of the
deposit are changed significantly. The hydrogen flow rate is an estimated value because
the calibration curve does not extend to these low flowmeter readings.
the hydrogen flow rate in half, making the flow rate near stoichiometric for the reaction,
the glow is intensified around the filament substrate and will migrate along the substrate
beyond the rf electrodes. The deposit character produced by this procedure is shown in
Fig. 40. These pictures show the types of deposits that are formed at different points on

the substrate.

However by cutting

The deposition rate ig slg'niﬁcg.ntly affected by the flow ratio as shown in Table IV,

EFFECT OF FLOW RATIO ON DEPOSITION RATE

Table IV

|

Mole flow ratio " Deposition rate "

BCly/Hy (mils/min) :
0.22 0.05
0.33 0.04
0. 66 (est. ) 0.19




170

4

Fig. 5 Filaments Produced at Near Stoichiometric Flow !
Ratios (220x) -
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(4) Effect of System Pressure

The effect of system pressure on deposit characteristics is shown in Table V.
Table V

EFFECTS OF SYSTEM PRESSURE - |

Pressure
(mm Hg) Type of deposit
. 5 Needles, trees, and dendrites.
Exploded from substrate if run was long
20 Thick, fairly uniform, some craters or knobs
30 Thick, small mounds, no craters

{5) Effect of Power Input

At all pressures and flow rates employed, a reduction in rf current by capacitance control,
or a reduction in dc voltage results in a non-metallic, hydrolyzable material which is clear
‘white in appearance.

(6) Interaction of Parameters

The gas phase being ionized is an integral part of the electrical circuit. 'Thus as gas com«-
position, pressure, or electrode spacing is varied, the impedance of the gas phase is also
changed, The necessary voltage and rf currents are thus changed. These changes are
reflected in the type of deposit obtained. '

DISCUSSION

General. The results of these experiments show that boron can be deposited on a dielectric
substrate in a glow discharge. There is no limit on the coating thickneas inherent in the
process. Complete control of the process parameters has not been achieved, but there is
no reason to believe that control cannot be achieved, The results obtained so far indicate
that gas purity, gas composition, and rf power input are among the most important factors.

Gas Purity. The deposit obtained can be considered to be in chemical equilibrium with the
gas composition. The introduction of certain impurities such as oxygen or water will result
in certain amounts of oxygen in the deposit. The solid solubility of oxygen in boron is prob-
ably not great, and its effect in the mechanical properties of the deposit is unknown. How-
ever, if a certain concentration of oxygen or water is present, the equilibrium solid phase
resulting from the processing will be the oxide and not the element. Experimental experi-:
ence has shown that this concentration value is probably not very great, and a tight process
system must be used with the reduced pressure process.

Gas Composition. The effect of gas composition, i.e., the ratio of hydrogen to boron tri-
chloride, will influence the type of reaction that occurs and the type of product formed. It
has been observed that the amount of (1) sidewall deposition; and (2) fine particles that fall
out of the gas downstream of the glow, increase with increasing hydrogen concentrations.
This indicates that reduction in the gas phase increases with the higher hydrogen to boron
trichloride ratios. With increasing hydrogen ratios, the glow is more uniform over the
space and the formation of fine particles is encouraged,

Increasing the ratio of boron trichloride to hydrogen causes tﬁe glow to concentrate toward
the center around the substrate. This concentration of the glow toward the center dlscour_ages‘
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the formation of small particles by the boron atoms and encourages the growth of the coat-
ing by deposition of the boron atoms directly on the substrate. As the flow ratio approaches
the stoichiometric value of 1.5 moles of Hy per mole BCl3, the glow concentrates very
close to the substrate and is observed to migrate along the filament beyond the electrode
rings. At the same time the rate of deposition increases about fourfold or more.

The resistance of the filament decreases as the boron coating is formed, which allows more
current to flow. This increases the temperature of the filament, which encourages more
rapid deposition of boron. Under these conditions, the reaction goes out of control and the
filament heats to a general red-orange glow with brlghter spots and finally breaks.

Careful adjustment of the reactant gas concentration and the rf power input to the coil will
minimize the gas-phase reaction, sidewall deposition, and fine-particle formation.,

The gas composition also obviously influences the nature of the material deposited. The
glow discharge of boron trichloride has been studied by several workers (Refs. 1, 5, and
8 to 16) in the field, and their results should indicate the deposit to be expected at high
ratios of boron trichloride to hydrogen. Holzmann and Morris (Ref. 1) analyzed the light
from glows of boron trichloride at 1 mm of Hg pressure. The glow discharges were
caused by a 2.4 to 2.5 X 109 Hz (2,400 to 2,500 Mc). They observed bands due to boron
monochloride and lines due to atomic boron and atomic chlorine. Frazer and Holzmann
(Ref. 9) have used this technique to prepare laboratory quantities of BoClyg, which is the
primary product under these conditions.

The compound BoCly can be decomposed under a variety of conditions. Rosenberg (Ref. 8)
used 60-Hz 10-kV discharges in BoCly and obtained BClg(g) and (BCl),,, which he described
as a light brown or yellow film which is hydrolyzed by water to form B2Og, hydrochloric
acid, and hydrogen. From the rather incomplete data on this system and from other
authors, it appears that a (BCl), phase can be obtained at compositions down to (BClg, 9)y,
and a material which analyzes as BClg, ¢ has been reported. At the present time the (BCl),
material is considered to be a polymer, and a series of higher unit structures other than
BoCly,. (such as B4Cly) can also be obtained.

In addition to these considerations, experiments have shown that, by operating at reduced
rf currents, a deposit possessing the reported properties of (BCl)n can be obtained with
gas comp051t10ns that would normally deposit elemental boron.

In summarizing the results and literature survey, it is p0551b1e by glow-discharge tech-
niques to obtain a variety of products from boron trichloride and hydrogen gas streams.
These products can range from a polymer-type (BCl)y, a liquid BoCly, or a solid BClg, ¢
to the boranes. In between these gas compositions that will give the foregoing products is
the gas-composition range that will give boron as a product. In addition to the gas com-
position, the amount of rf power used will also determine the product. It is fortunate that
- the gas composition obtainable with our experimental. apparatus is in the range for boron
deposition, otherwxse selection of gas composition from present information would be
impossible.

Power Ingut. The power input to the glow is of great importance in determining the product
and character of the product. The rf voltage at any gas composition and electrode geometry
must be a value greater than the breakdown potential of the gases at that pressure. The rf
current is a direct measurement of the ionization of the gases to produce electrons and
positive ions. In electrochemical processing, these terms are or can be considered analogs
of the redox potentials and current density, respectively. At higher currents, a faster coat-
ing rate will be attained, but changes in deposit characteristics will occur as a result of
such changes in plating rate. Perhaps part of the nonuniformity of the deposit can be
attributed to a nonuniform plating rate. The uniformity should be improved by moving the
filament substrate through the glow.

Y
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Pressure. Since pressure is a concentration function, it may be expected to influence the
type of deposit and the rate of deposition. At low pressures, needle-like deposits are
observed. As the pressure is increased, the type of deposit changes dnd a coating or con-~
tinuous layer is formed. Increasing the pressure further provides a smoother deposit.

However as the pressure is increased the voltage necessary to maintain a g'low discharge
is increased,

Post-Deposition Treatment, One sample prepared at 30 mm Hg pressure, ‘a.nd at flowratios
and electrical conditions which normally provide a typical coating, was exposed to a hydro-
gen glow discharge before removal from the system. This was done to explore possible
methods of reducing the brown, glassy material observed near the end of filaments. The
treatment was done in 30 mm Hg Ho pressure and at low flow rates ~ 25 c¢/min. The rf
current and dc voltage were 250 mA and 480 V respectively.

The glow was normal in every respect except that just outside the electrode on the down-
stream side a faint green fluorescence or glow was observed. The end areas of the sample
did show some evidence of reduction. The most interesting part of the sample is shown in
Fig. 6. This is a longitudinal cross section of a fracture. A very thin (lessthan 0. 187-mil) .
layer is much darker than the bulk of the deposit. This has not been observed in any sam-
ples prepared during this process study.

FILAMENT EVALUATION

‘Density. The density of filaments produced by this process has been measured by two tech-

niques. A direct measurement was made by dropping a boron-coated pyrex rod in adensity
gradient tube. The average density was 2. 24 gm/cc, which agrees satisfactorily with the
value cstimated from the density of boron, 2.35 gm/cc, and pyrex, 2.24 gm/cc.

An alternate indirect measurement has been performed during the process study by com-
paring the observed thickness of samples with that calculated-from-weight measurements.
It was anticipated that the optically-measured value would be higher than the value calcu-
lated from weight measurements,which is an average value,since it is measured near the
center of the filament. :

This is observed in the data for samples 07-42 26A and-B. The total thickness measured
by optical methods are 2.2 and 2.4 mils, and calculated by weight the thicknesses are 1,45
and 1.72 mils. The results illustrate the nonuniformity of the static filament samples.
However, the data is sufficiently in agreement to indicate that the filaments produced
possess a density in accordance with the relative amounts of boron deposit and quartz
substrate. :

X-Ray Identification. A typical x-ray analysis is shown in Table VI. The diffuse lines
observed in the x-ray pattern correspond to the alpha rhombohedral structure. This is
the low-temperature form of boron. However, the structure is not well developed as
indicated by the broad lines. The boron may have been in the process of changing from
an amorphous structure to a crystalline structure at the time the experiment was termi-
nated, or the crystalline boron was mixed with a matrix of amorphous boron,

Other samples of boron-coated 1. 0-mil quartz filament show only two broad diffuse halos.
No lines indicating BpOq were seen. No positive identification of the material was possi-
ble from the data.

Tensile Strengths. Several sample filaments of boron-coated 1-mil quartz substrate have
been tested for ultimate strengths. No attempts have been made to obtain an elastic modu-
1lus since the samples prepared in the static apparatus are not of sufficient length, These
data are presented in Table VII, The coating cracked and in some cases completely ex-
foliated. Thus, the values reported here basically represent breaking strengths of quartz
rather than composite filament of boron-coated quartz monofilaments.




Fig. 6 Longitudinal Cross Section of Deposit After
Exposure to Ho Glow Discharge

Fig. 7 (a) Longitudinal and (b) Cross Section of Boron-Coated
Quartz Monofilament (220x)
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Table VI

X-RAY DATA OF DEPOSIT

X-ray data Deposited boron coating
| B,0, oron(®
d Unknown intensity 23 Boron
d I./Io d I/Io
6.0 | Medium. 6. 08 35
4.1 Strong (broad) . 4,07 100
3.2 Medium 3.21 100
2.55 Strong (broad) | 2.55| 70
1,95 Weak 1.98 8
1.40 Very weak (broad) .

(a) Alpha rhombohedral form.
Table VII

BREAKING WEIGHT OF SELECTED SAMPLES

Sample Sample condition Breaking Filament

Number _prior to test _ weight (Ib)" diameter (mils)
07-40-24 Not observed 0.07 1.5
07-42-26 Not observed 0.07 1.5
07-52-36 Longitudinal cracks 0.11 2.0

. 07-53-36 Coating missing near tab 0.033 2.0

Coating Evaluation. A typical sample cross section prepared during the process study ls>

shownin Fig. 7, demonstratingthata continuous coating can be successfully deposited. In
the longitudinal cross section two mounds are fortuitously shown and it can be seen that
the growth extends to the substrate. This indicates that the cause of this different growth
originates at the substrate surface, possibly as a microcrack or particle of dust. The
problem of handling the filament and its contamination would be minimized with use of a
continuous system. ‘

The bond between the coating and the substrate is essentially mechanical in nature. It
would be very desirable to improve this by effecting some sort of reaction between the two
materials to improve the overall properties of the filament. It would perhaps be undesir-
able to clean the organic or silicone finish from the substrate as has been done,

Microscopic examination of one of the filaments has revealed a possible explanation of the
reduced strength of boron-coated quartz filaments. The pictures in Fig. 8 are typical of
what is occasionally seen on samples. The chip and hole in the top and middle picture
were not measured, but the rather deep cut made indicates that the quartz monofilament
possesses weak portions that may separate before the bond between the boron and the
quartz ruptures. These weak volumes contribute to the spread of the strength values
observed earlier since they are probably randomly distributed. The hole and ball shown
in the bottom figure have been measured during the microscopic examination. The ball
was about 1.0 mil in diameter, the hole was observed to 0.8 mil, while the filament cross
section averaged 1.8 mils. The coating thickness can be only 0.4 mil, so that the hole
must have been formed by the loss of 0. 4 mil of the quartz substrate.
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Another source of weakness is the cracking and peeling. Many of these cracks and breaks
are the result of handling during removal from the static apparatus. Use of a continuous
filament moving through the apparatus and improvement in the adhesion of the coating to
the substrate would posmbly ellmmate thls problem :

: CONC LUSIONS K

This paper basically Tepresents a feasibility study of the deposmon of boron from a glow
discha¥ge system produced in' a boron trichloride-hydrogen medium. - Feasibility of the

- basic concept has been conclusively demonstrated for dielectric or insulating substrates.

It is probable that conditions can be adjusted to provide for deposition on metallic or con-
ductive substrates as well. The following secondary conclusions can also be drawn from
this work

o Glow dlscharges can be mmated and sustamed in hydrogen—boron trlchlorlde mix-
© - tures at pressures of 50—100 mm.
® There is no apparent limit on coating thickness which can be deposited
@ The deposited boron is amorphous wnh a partlal -alpha rhombohedral crystalline
character.

® Dcposition rate is of the order of 5 x 10~5 gm/sec.

e Filament resistance increases with thickness; temperature in turn increases
resulting in a higher deposition rate; this also results in increased bodning to the
substrate by chemieal or diffusive action.

® The process is quite sensitive to small amounts of impurities in the gas stream,
particularly oxygen and moisture.

e The ratio of hydrogen to boron trichloride has a major effect on nature of the
deposit; both sidewall deposition and downstream particle fallout increase with
hydrogen concentration. . However, the glow i8 more uniform at high hydrogen
values, so these factors must be balanced for optimum performance.

® An increase in the boron trichloride to hydrogen ratio tends to concentrate the

"~ glow around the substrate, promoting efficiency and minimizing extraneous
deposition.

e High hydrogen to boron trichloride ratios tend to produce boranes; operation at"
reduced rf currents tends to yield (BCl), polymers.

Current investigations are concerned with further development of the glow discharge deposi-
tion procedure to operate on a continuous basis utilizing moving filament techniques. Indica-
tions are that the technique may be used to prepare a high-quality boron filament at
reasonable processing rates.
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PLATING IN A CORONA DISCHARGE !
R. D. Wales
Materials Sciences Laboratory

Lockheed Palo Alto Research Laboratory
: . Palo Alto, California

ABSTRACT

It has been demonstrated that boron can be deposited on a suitable
substrate in a corona discharge. Application of high-voltage electri-
cal energy across a gaseous hydrogen-boron halide mixture forms
ionized/activated states, resulting in the deposition of metallic boron.
‘The deposition process is electrochemical in nature, the boron being
deposited cathodically.

INTRODUCTION

Literature on electric discharges is quite extensive. However, most of this literature con-
cerns the nature and properties of discharges taking place in stable %as systems. Dctailed
discussions of electrical discharges are presented in-several books(l: 2, 3, 4), Relatively
little information is available concerning chemical reactions initiated and sustained by
clectrical discharges. Arc reactions are basically thermally initiated reactions deriving.
their thermal energy from the arc and thus are not applicable in the present sense. Glow
discharges have been utilized for the polymerization of organic materials and the deposition
of oxide films. The formation of pure boron powder( ) and the decomposition of diborane
and boron trichloride{?} have been studied in a glow discharge. No references have becn
located concerning chemical reactions initiated and sustained by a corona discharge.

Those references(®» %> 10) which refer to the utilization of a corona discharge to catalyze,
or cause, a chemical reaction do not in fact utilize a corona discharge. The discharge
utilized in these references has an odd resemblance to a glow discharge, but is actually a
suppressed spark. Thus, the discharge goes through the phenomena of spark buildup with-
out, however, generating a spark. Direct current cannot be used in these systems since
the buildup of charge at the insulated electrodes quenches the discharge, and a reverse
cycle is necessary to remove this charge and reinitiate the discharge.

A corona discharge is, essentially, intermediate between a glow and an arc discharge

being, however, a low current phenomenon. Glow discharges are generally generated at

low pressures while an arc is generally a high-pressure phenomenon. The gas is ionized
more or less uniformly throughout the system in a glow discharge. An arc is obtained
when a narrow path of ionized particles is generated between two electrodes, resulting in a
low resistance path which further aggravates the situation until extremely energetic particles
exist in the narrow path. A corona discharge, is not as pressure-dependent and is obtained
at a small electrode which is opposed by a much larger electrode. There is a very large
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change in field through the corona, but very little change over the remaining distance to the
opposing electrode. Most studies of corona discharges have been in inert gas systems, and
have been generated at a point electrode. :

This study has been directed toward the dctermination of the feasibility for depositing a
coating, e.g., boron, on a suitable substrate in u corona discharge. A further object has
been to determine some of the critical parameters and a possible indication of the mechanism
and characteristics of this technique for coating the substrate material.

EXPERIMENTAL WORK

A schematic diagram of the system used in this study is indicated in Fig. 1. The system
pressure was controlled with a Cartesian Manostat 6A (Manostat Corporation) and a Welch
mechanical pump Model 1402 (W. M. Welch Manufacturing Company). The discharge was
initiated and sustained with a 7,000/12,000 V Jefferson luminous tube outdoor-type trans~
former (Jefferson Electric Company) connected to 60-cps 110-V power source through a
Variac variable transformer.

To determine the effect of alternating and direct current, an RCA CR 212 half-wave recti-
fier was added to the circuit. At the same time a resistance bridge, a current measuring
resistor, and an ammeter were added to the circuit. A schematic of the circuit is presented
in Fig. 2. The resistance bridge consisted of six 2-W 2-megohm resistors (R2) and one
2-W 1,000-ohm resistor (Ri), all in series; the total voltage being 11,775 times the voltage
across the 1,000-ohm resistor. The current measuring resistor was a 2-W 10.075-ohm
resistor. The voltage measurements were made with a Hewlett-Packard Model 130B
oscilloscope, and alternating current measurements were made with a Simpson Model 378
milliammeter.

The reactants utilized in this study were hydrogen, helium, or argon, and boron tribromide.
The hydrogen was passed through a '"De-oxo' unit (Engelhard), through a drying column of
magnesium perchlorate, and then through a flowmeter. After the flowmeter, the hydrogen
was split into two streams, one of which was bubbled through the boron tribromide, and
then recombined into one stream before entering the reaction chamber or cell.

The temperature of the bubbler, and of the cell, was controlled by wrapping each (and the
associated gas lines) with heating tape and controlling the power input with a Variac variable
transformer. '

The system was maintained at or below atmospheric pressure for this study, with most of
the data being obtained at 2 to 3 in. of mercury below atmospheric pressure.

Tungsten wire was chosen as the substrate material. This wire was cleaned by passing it
successively through a train consisting of concentrated nitric acid, a distilled water rinse,
and an acetone rinse.

Using the hydrogen-boron tribromide reactant system and 60-cps alternating current to
develop a corona, approximately a dozen cell designs were tried. - The cell design which
appears to be the most satisfactory is pictured in Fig. 3. This cell consists of a 2-in.-
long pyrex glass tube with a neoprene o-ring inside each end and wrapped with eight turns
of 3-mil tungsten wire along the tube length such that the wire is parallel and concentric
to the axis of the tube. The wire is 0.9 cm from the axis. This assembly is then inserted
in a 5-in.-long pyrex glass tube 1.5-in. in diameter and supported such that the tubes are
concentric. A tungsten wire lead is then extended out of the tube, and neoprene rubber
stoppers inserted in each end. Each stopper has a capillary tube through its center such
that there are approximately 3 in. between the capillaries, and the filament enters and
leaves the cell through these capillaries. The reactants also enter (and leave) the cell
through the stoppers.
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PRIMARY VARIABLE CONSIDERATIONS

Deposition Utilizing Alternating Current

Hydrogen and boron tribromide vapors were used to obtain a coating of boron on 1-mil
tungsten wire in a corona dcvelopcd with 60-cps alternating current. It was determined that,
at about 70 and 350 mA/cm?2, no coating is obtained when the cell (und reactants) are at room
temperature, while a coating of boron is obtained if the temperature is raised to approximately
100°C. At higher current densities, the coating is concentrated in nodules. If enough power
is supplied to heat the filament to a dull red glow, a good coating is obtained in the hot zone,
At lower current dénsities, a more uniform coating is obtained, depending upon the reactant
ratios and flow rates. Thus, hydrogen was bubbled through boron tribromide at a rate of
approximately 400 ml/min, and the system wis maintained at approximately atmospheric
pressure. When the boron tribromide was maintained at about room temperature and at a
total hydrogen flow rate of about 1.5 liter/min, the corona was discontinuous along the wire
and boron deposited in the area of the coronas to give discrete coated and uncoated areas.
With a hydrogen flow.rate of about 400 ml/min and a plating time of about 10 min, a much
smoother coating was obtained. There was some tendency for the corona to break into
discontinuous sections,- which resulted in a nonuniform buildup of boron.

When the boron tribromide was heated to about 30° C and the hydrogen flow rate was main-
tained at 400 ml/min, the corona was somewhat more continuous and the coating nearly
uniform. However, the coating was not nearly as smooth as in the previous example.

Therc was also a tendency for the formation of corona points on the opposing electrode
system with a resulting deposition of boron under the corona.

Deposition Utilizing Direct Current

Using hydrogen and boron tribromide as reactants to obtain a deposit of boron on 1-mil
tungsten wire in a corona developed with half-wave rectified 60-cps alternating current,

no deposit was obtained when the 1-mil wire was the anode. However, a coating was
obtained when the 1-mil wire was the cathode. Good, continuous corona and boron deposits
were obtained when the corona was initiated in a large excess of hydrogen (the hydrogen
flow was then decreased to theé desired amount after about 5 min).

The coating is quite uniform and has an orange peel appearance at 2,000X magnification.
Some of the morphology of the substrate is apparent at high magnification (e.g., die marks).
The voltage requirements for a particular current increased as the hydrogen flow decreased,
increasing from more than 1,000V peak to about 7,000 V peak as the excess hydrogen was
decreased in these runs.

Attempts to utilize pure dc power were unsuccessful. The power supplies available were
designed to deliver several hundred milliamperes and had relatively coarse controls. Thus,
as the corona was initiated, the power supplies did not allow sufficient control, resulting in
"runaway® or burning in two of the substrate wire. '

Depositidn Utilizing Argon and Helium

Using helium instead of hydrogen, a coating was obtained, but arcing was much easier and
thus lower current (and lower flow rates) were necessary. Peak voltages of 7,000 to 8,000 V
were used. '

Using argon instead of hydrogen required higher voltage (with lower currents) and resulted in
the formation of corona points under which boron was deposited to give whiskers. Peak
voltages of about 9,000 V were used. Whiskers greater than 6 mils long and about 0.5 mil
in diameter were obtained before discontinuing these experiments.
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Fig. 4 Boron Deposit on 1-mil Tungsten Wire, Run 28-1,

Tungsten Substrate Material at Top (340X%)

Fig. 5 Boron Deposit on 0.5-mil Tungsten Wire,
Run 35-1 (450X)
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Bromine was a product when helium or argon was used while hydrogen caused the formation
of hydrogen bromide.

Discussion -

(1) Cell Design. The reaction cell should be designed so that the concentration of reactants
and products is essentially constant throughout the cell to give a more uniform corona and

- deposit. The electrode geometry and separation are to some extent dependent upon the power
requirements, which are in turn dependent upon the resistance heating effects in the filament
and upon the arcing probability. Thus, in practice, the current in the filament should not be
great enough to heat the filament excessively. With this current limitation, the electrode.
separation is dependent upon the arcing probability and should be great enough to'level out
any small variations in electrode separation which could cause the current to concentrate in
a small region. Furthermore, to obtain a unfirom corona around the filament, the opposing
electrode should be concentric around the filament. If the power input is not pure direct
current, a '"motoring" effect results if the opposing electrode is a wire coiled around the
filament. That is, a vibration or circular oscillation will be induced on the filament. There-
fore, the opposing electrode has been made up of a group of connected electrodes arranged
concentrically around the filament and parallel to it in order to minimize the "motoring"

" effect. The opposing electrode could also have been a metal cylinder or screen, but in order
both to observe the filament and be able to operate at reasonable electrode separations
(reasonable voltages), interconnected parallel wire electrodes were selected.

(2) Mechanism of Deposition. The results obtained indicate that the mechanism of boron
deposition in a corona discharge is cathodic. In this type system, electrons are generated
and repelled from the cathode while positive ions are drawn to it. At the anode, positive ions
are generated or electrons are drawn to it. Thus, the boron radical is positively charged and
~ drawn to the cathode where it is deposited as elemental boron.

Helium and argon were used to determine if the boron tribromide was ionized directly, or if
its ionization was a secondary reaction. Table I indicates some of the ionization levels for
these gases. Helium in a corona discharge has only one or two potential (or ionization) levels,
and these are quite high., However, helium is ionized at lower applied voltages than most .
gases because the electrons generated at the cathode have only elastic collisions with helium
atoms until they acquire enough kinetic energy from the field to ionize the helium. Argon has
a potential (or ionization) level which is relatively low (about half that of helium) but higher
than the ionization levels for hydrogen. In helium the system was very susceptible to arcing,
while in argon higher voltages were required with some susceptibility to arcing. In hydrogen
arcing was not such a problem because of the many types of inelastic collisions possible and
the consequent tendency to decrease the electron energy and concentration. Boron was
‘deposited in all three systems. However, in hydrogen, hydrogen bromide was obtained while
bromine was obtained in both argon and helium. Deposition was slightly easier and there
was a slightly increased rate of deposition of boron with an increased tendency to arcing in
helium and argon. The difference, however, was not sufficient to be due to direct reaction
with the free electron, and indicates that the boron tribromide is ionized by collision with
ionized particles rather than electrons or the field. Thus, the mechanism includes: (a) the
ionization (or activation) of the hydrogen (helium or argon), (b) the collision or exchange of
energy of the ionized particle with boron tribromide to result in (c) the formation of a
positively charged boron radical and hydrogen bromide (or bromine), (d) the transport of
the charged boron radical to the cathode in the field, and (e) the electrochemical deposition
of boron on the cathode.

It is apparently necessary to add a small amount of kinetic (thermal) energy to aid the
deposition in hydrogen. However, this reactant system offers certain advantages over
helium or argon systems.. That is, with hydrogen, there are apparently more ionized or
activated particles with fewer electrons and consequent.ly less likelihood of creating
conditions conducive to arcing. :
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%) The Corona. In the high-{ficld region near the substrate wire, positive ions can attain i
high energies and the sccondary clectron emission process is quite etficient. These i

secondary clectrons will start electron avalanches. which will in turn produce many: positive
ions, which produce more avalanches, ete. At low pressures, diffusion of the electron
avalanches spreads the glow and distributes the positive space charge so that the discharge |
is not guenched. Diffusion does not take place at higher pressure, and a localized dense '
space charge extinguishes the corona. The extinction lasts until the positive space charge - q
diffuses to the electrode and the last ions reinitiate the discharge, resulting in g periodic

corona with a frequency dependent upon the ficld and the velocity of the positivetons.

With the negative wire (cathode), the ionization increases first with distance from the wire; f
rcaches a peak, then drops sharply. That is, the clectrons move out’from the wire and ‘
produce relatively stationary positive ions between themselves and the wire, thus weakening

the field at greater distances. The maximum jonization occurs at several ionizing: free paths
from the wire, and there is a dark space between the wire and the luminous glow. Further-
more, as mentioned, at low pressures the lateral diffusion of clectron avalances spreads the
corona over the wire surface. Because the value of the coefficient of electron emission is
important, and because the glow will not be uniform if the coefficient of electron emission

varics over the surface of the wire, the glow may settle in patches of greater or lesser -
luminosity and at high pressures will appear as a single small area of'coroma. The corona .

may exhibit a marked flickering near threshold because the positive ion bombardment-may

change the effective coefficient of electron emission by denuding the surface of its gas film."

The discharge thus decreases or ceases in that region, resuming again when the surface lnas:
recovered. At low pressures and voltages well above the threshold value, the corona 1s falrly

steady .

In this work it was necessary to clean the substrate wire so that there were no variations in
the. coefficient of electron emission along the wire, and thus.a localization of the corona into’
points., During deposition the corona was dlstrlbuted over the substrate wire in a uniform
manner. However, the discharge was periodic as indicated in the above discussion. That is,
the sheath (of light) along the wire was not of a uniform brightness, but eonsisted of brighter
and darker areas which seemed to move along the wire in a somewhat random manner, but
which appeared periodic in nature at a given point on the wire.

SECONDARY VARIABLE CONSIDERATIONS

Experimental Work

The deposition system was that previously described. The tungsten wire was cleaned as .
before, then placed in the cell. The corona was then initiated in excess hydrogen and main-
tained for about 5 min, or until the corona was continuous or nearly continuous along the
substrate electrode, before the conditions were changed to give boron deposition. This

initial "'clcaning" process was effected with hydrogen flowing at about 160ce/min through

the boron tribromide at about 26° C and with hydrogen flowing through the bypass line at

about 270cc/min. The electrical input during this time was about 17 mA peak and about

4,700 V peak for 1-mil tungsten wire and about 5,600 V peak and 4.5 and 11.0 mA peak

for 0.5-mil tungsten wire. . ] 1

Results

(1) Deposition on 1-mil Tungsten Wire. Some of the results obtained are presented in
Table 2. The corona was maintained continuously in all runs. A picture of the fitament
obtained in Run 28-1 is shown in Fig. 4. In Run 28-1 the current fell from an approximate
initial value of 12.3 mA peak to about 3.5 mA peak in about 9 min, after which it was
nearly constant. The peak voltage changed from 6,900 ta 13,190 V. The filamest obtained
in this run is apparently the desired type, although not of optimum thickness. .
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The data obtained in the experiments presented, and in other similar experiments, indicate
that: i

(a) the voltage requirements increase as the boron tribromide to hydrogen ratio
increases. ‘

(b) The voltage requirements increase as the system pressure increases.

(c) The substrate is etched with little or no boron deposited as the boron tri-
bromide to hydrogen ratio decreases.

(d) The corona tends to break up into points at high flow rates, resujting in nonuniform
boron deposits.

Good coatings were obtained at high boron tribromide to hydrogen ratios and relatively low
currents. :

(2) Deposition on 0.5-mil Tungsten Wire. Some of the results obtained are given in Table 3.
The corona was maintained continuously in Runs 30-1 and 30-2. The power input was dis-
continued in all remaining runs until the boron tribromide and the cell has attained the desired
temperature. The currents and voltages indicated for all runs below 35 are approximate
since no adjustments were made once the run had begun.

The effects of operating conditions are similar to those observed for deposition on 1.0-mil
tungsten wire. However, the decreased heating effects of the 0.5-mil wire necessitate heating
the cell to about 200°C to prevent condensation of the boron tribromide.

In Run 31-1, an apparently desirable coating was obtained at the ends of the reaction zone
while the central portion of the filament was quite nodular. In Run 31-1 the peak current was
6.2 mA, falling to about 1.8 mA at the end of the run. During this time the peak voltage
changed from 12,480 V to about 15,780 V.

Runs 35-1 and 35-2 yielded filaments having uniform coatings of boron, The coating, as

shown in Fig. 5, had ridges along its surface resembling die marks on wire. Figure 6 shows

a cross section of filament from Run 35-1 in normal and in polarized light. The higher magni-
fications indicate that the markings on the surface are reflections of the markings on the sub-
strate in almost a one-to-one ratio. Furthermore, there is no indication of boride formation.
However, polarized light indicates some anisotropic properties similar to pyrolytic graphite.
The material seems softer and much darker than that grown by gas plating techniques. Although
there are some unidentified lines, x-ray data indicate that the coating is amorphous boron with
no borides in the filament.

Cursory examination of the surface for a few of the substrates has indicated surface finishes
varying from the ridged (die-marks) through smooth to an orange-peel-type finish, while the r
filaments obtained have had surface finishes ranging from ridged through smooth to nodular.
Therefore, the substrate surface is a critical factor in determining the appearance and sur-

face of the final filament.

(3) Effect of Morphology of the Substrate. The 0.5-mil tungsten substrate wire has been
examined after various stages in the process. Some of the results are presented in Table 4.

—

It has been determined that the liquid cleaning train cleans and slightly etches the wire, ’
and the high hydrogen corona etches the wire as indicated in Table 4. At low peak currents

the die marks were etched away, but the surface has a very rough orange peel finish. Using

both high and low currents consecutively, a much smoother orange peel finish is obtained.

Boron deposited on wire etched to an orange peel finish gives a coating similar to that 1
pictured in Fig. 7. The morphology of boron deposited on variously etched wire verifies the
hypothesis previously presented in that the coating morphology and growth structure are

directly dependent upon the morphology of the substrate.
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{b) Polarized Light

Fig. 6 Cross Section of Filament Obtained by Plating in a Corona
Discharge, cf. Fig. 5 (3, 000x)
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(a) 604x

(b) 1,230x

Fig. 7 Boron Deposit on 0.5-mil Tungsten Wire, Run 52-1,
cf. Table 4

N
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(4) Variation of Plating Conditions. Combining the information obtained in the previous tests,

several runs were made using-variations of the. plating conditions. Some of the results
ohtained are presented in Table 5 and in Fig. S.
by

The current-time and.voltage-time characteristics for two runs are indicated in Fig. 8.
The filament obtained in Run 73-1 (Table 5) wus cvenly and uniformly coated similar to
the filament pictured:in Fig. 7. Lxcept for one defect, the filament obtained from Run
74-1 (Table 5) was evenly and uniformly coated similar to the filament pictured in Fig. 7.
As indicated in Fig. 8, the defect probably o¢curred ul’ter an elapsed time of about 21 min
at a cell voltage of about 23,600 V.

The results obtained indicate that the best process conditions and plating procedure for
boron deposition on a stationary 0.5-mil tungsten wire are as indicated in Fig. 8.

Discussion

The morphology of the deposit obtained reflects, in general, the morphology of the sub-
strate. The coating is essentially amorphous in nature although there is indication of

anisotropy.

One sct of operating conditions giving a -satisfactory coating of boron on tungsten is presented

graphically in Fig. 8. In general, good coatings have been obtained at high boron tribromide-

to-hydrogen ratios and relatively low currents. Furthermore, if the flowrate is too great,
the corona tends to break up into points, resulting in nonuniform deposits.

Other effects of varying operation conditions which suggest limitations for deposition, and
which also tend to verify the mechanism for deposition presented previously, include:
(a) The voltage requirements increase as the boron tribromide to hydrogen ratio

increases. = -
(b) The voltage requlrements increase as the system pressure increases.
(c) The substrate is etched with little or no boron deposited as the boron tribromide-
to-hydrogen ratio decreases. . C

CONTINUOUS BORON DEPOSITION ON A MOVING FILAMENT

Experimental Work

A system was designed, assembled, and tested for continuous boron deposition on a moving
filament. Figure 9 is a schematic of the apparatus. The design resembles that for the
batch plating process (Fig. 1).  The filament is pulled through the system with a Graham
constant speed motor. The spool is mounted on a shaft and suspended in such a manner as

to offer minimum friction. The seal and. electrical contact between cells is a unique arrange-

ment such that the fllament moves through the seal in a vertical direction without breaklng
the seal.

The power for the cells has been obtamed in a manner similar to that used for the batch plating
process (Fig. 2). There has been a considerable problem with 60-cycle pickup in the measure-
ment system, Shielding:and groundlng at various critical positions were necessary to elimin~

ate this problem. -

Hydrogen-boron trichloride was chosen as the’ reactant 'system. The reactant mixture has
been obtained by bubblmg hydrogen through boron trichloride maintained at about -20°C. -
The reaction cells have- not been heated externally, and the vapor flow was split between all
three cells.

The etching cell was n’“c';t ufiliz §°giich; ‘dhd was eventually converted to use for cleaning
the substrate filament by the hot-wire technique. Thus, the chemical cleaning train was
eliminated. Hydrogen only was passed through the cleamng cell and the substrate heated to
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Fig. 8 Electrical Characteristics During Deposition of Boron on
0.5-mil Tungsten Wire in a Corona Discharge
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a red heat in this cell using dc power. Tests performed in this system have utilized both
0.5-mil and 0.15-mil tungsten substrate. i

Results

(1) AC Pickup. The use of.shielded leads and wire cages around the transformers has,
with the use of 1,000 ohm current measuring resistors, virtually eliminate‘d the ac pickup.

(2) Deposition on 0.5-mil Tungsten Wire. -Satisfactory results have been obtained at a
hydrogen flow rate-through the bubbler of about 100 cc/min and additional hydrogen at a

flow rate of about 350 cc/min. Hydrogen is flowing through the cleaning cell at about 140 cc/
min and the wire is cleaned by resistance heating at a dc voltage of about 70 V and a DC
current of about 320 milliamperes. Some of the results obtained are indicated in Table 6.

- Using only one cell, at a filament speed of about 3.6 in./min a coating about 0.25-mil

thick was obtained; at a filament speed of about 14.4 in./min, a coating about 0.05-mil
thick was obtained. ’

Using two cells, there was some problem in maintaining the corona in the second cell. At

a filament speed of about 3.6 in./min a coating about 0.7-mil thick was obtained in the
areas where a good corona was maintained. At a filament speed of about 14.4 in./min and
a current input to the second cell of about half that to the first cell, a coating about 0.07-mil
thick was obtained.

(3) Deposition on 0.15-mil Tungsten Wire. The 0.15-mil tungsten substrate wire was cleaned
by the hot-wire technique at hydrogen flow rate of about 140 cc/min and at a dc power input

of about 208 V and 90 mA. While the input vapors were split between the three plating cells,
only one cell was utilized for plating studies. Some of the results are indicated in Table 7.

The best results were obtained at a filament speed of about 5 in./min with a hydrogen flow
rate through the bubbler of about 70 c¢/min, and additional hydrogen at a flow rate of about
350 cc/min. To maintain a uniform corona, it was necessary to switch the power on and
off relatively slowly during the run. Under these conditions a coating thickness of about -
0.17 mil was obtained. ) :

There is apparently some difference in either the morphology of the 0.15-mil substrate

as compared to the 0.5-mil material, or less effect by this substrate upon the morphology
of the deposit. Although the morphology of the material deposited on 0.5-mil tungsten
appeared similar to that indicated in Fig. 5, the morphology of the deposit on the 0.15-mil
tungsten appeared more like that indicated in Fig. 4. Figure 10 indicates the morphology
usually obtained 0.15-mil tungsten substrate. The total diameter of this sample is 0.4 mil.

Discussion

An apparatus has been presented, and tests performed, ihdicating the feasibility of depositing
boron on a continuously moving substrate in a corona discharge.

Although no tests were made for verification, the results obtained with the 0.15-mil sub-
strate indicate that the substrate diameter also effects the operating conditions, probably
though buildup of the positive ion sheath to such an extent that the corona cannot recover -
after being quenched. This effect is possibly related to the similar effect of high flowrates
on larger substrates noted in the previous section.- The effects might be explained by postu-
lating a higher conceéntration of boron radicals around the smaller substrate simply through
volume considerations, and around the larger substrate through an increased concentration
resulting from increased availability due to higher flowrates. The charged species would
tend to remain in the volume near the substrate because of the greater effects of the elec~-

trical field.
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.CONCLUSIONS

Chemical reacticns can be initiated and sustained by a corona discharge. Boron has been
deposited on a tungsten wire substrate in a corona discharge at relatively low temperatures,
The deposition process is electrochemical in nature, the boron being deposited cathodically,
and the mechanism for the reaction is indicated to be of the form:

(a) Emission of electrons from the cathode

(b) Ionization (or activation) of hydrogen, argon, or helium, and production of
secondary electrons which in turn ionize more hydrogen, etc.

" (c) Collision of ionized hydrogen, argon, or hellum with boron tribromide and

exchange of energy

(d) Formation of positive boron radicals and hydrogen bromide or bromine

(e) Transfer of the positive boron radical to the cathode

(f) Electrochémical reaction of the boron radical to form an essentially amorphous
deposit of boron

The morphology of the deposit is essentially the same as the morphology of the substrate.
There is no interaction of the boron with the tungsten and there is apparently some anisotropy
of the deposit.

The corona discharge during deposition is not essentially different from a corona discharge
developed in an inert gas system, and the same criteria and properties are extant. Like a
corona discharge in an inert gas, the coefficient of electron emission and the ability of the
electrons to diffuse along the wire are most important in obtaining a uniform corona, and
thus a uniform deposit, on the substrate. Furthermore, if the sheath of positively charged
boron radicals becomes too dense, the corona is quenched and will not recover fast enough
to prevent the breakup of the corona into points.
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VAPOR PHASE FORMATION OF NONCRYSTALLINE FILMS
BY A MICROWAVE DISCHARGE TE CHNIQUE

D. R. Secrist arid J. D. Mackenzie

‘International Business Machines Corporation, Poughkeepsie,! New York
Rensselaer Polytechnic Institute, Troy, New York

ABSTRACT

Numerous variations of the microwave discharge method have been employed to
prepare thin films. In this study, non-crystalline films were deposited at low
temperatures and pressures by the vapor phase reaction of suitable compounds
with the energetic gaseous species generated in a discharge operated at 2, 450
meégacycles/sec. The major part of the investigation concerned the decomposi-
tion of meétal-organic compounds of the type (R)yM or (RO),M, where R may

be C;Hg 'C3H;, etc. "Amorphous oxide films of silicon, germanium, boron,
tin, and titanium were readily formed when an oxygen plasma was maintained.
Silica films were also grown via an argon plasma. These films were deposited
on metallic and non-metallic substrates positioned outside the discharge region.

: Conversely, the oxidation of silicon tetrafluoride to yield a fluorsiloxane polg-
" mer of compos1t1on 5i0) gF was found to occur only within the confines of the

plasma. - It is sHown that the films are free from decomposition products when

;depo'sited above a ceértain-critical temperature, which is dependent on the re-

actant flow rate. The eff_ects'ofv temperature, pressure, flow rate, and hygro-.
scopic nature of the substrate on the deposition rate are examined. Optical

‘properties are presented. Theutilization of a nitrogen or nitrogen oxide

plasma to generate nitride or oxynitride films is discussed.

INTRODUCTION

"Extensive studies have been conducted with crystalline films in regard to film
“structure, epitaxy, and property variations as a function of the history of a

particular deposition process. The nature of glassy f11ms, however, has not
been investigated with the same thoroughness. This is due, in part, to the
inability of most materials to form in the glassy state. In general, the approach
to film formation has been from the vapor phase. Some methods from the va-
por include evaporation, vapor phase hydrolysis, thermal decomposition, and
"sputtering'. All of these techniques will yield non-crystalline films with the
proper conditions. However, with the exception of the latter method, rela-
tively high temperatures are required. As a result, most films invariably
crystallize immediately after being deposited. The non-crystalline films pre-
pa’red'by these techniques are usually materials which readily form a glass

by the conventional cooling of a melt; e. g., SiO,. The method of sputtering,

on the other hand, occasionally leads to the formation of uncommon non~ (1)
crystalline films when the substrates are maintained at low temperatures
In this paper, the low temperature preparation of a wide variety of non- crystal-
line films- is discussed utilizing a microwave discharge method as an alterna-
tive to sputtering. With this technique, the rate of film deposition can be-
carefully controlled by regulation of the reactant flow rates. The quality of
any particular film is shown to be a sensitive function of (1) the concentration
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and type of reaction products, (2) the chemical nature of the substrate, and
(3) the reactor (substrate).temperature. 1

APPARATUS : {

A schematic drawing of the main flow. system employed in this work is shown
in Figure 1. A gaseous plasma, in this instance oxygen, . could be maintained in
a l'" O,D. pyrex tube when the system pressure was less than 800 microns.
The electrodeless discharge was produced with a Raytheon PGM-10 Microwave
Genevator. This unit could supply 100 watts of microwave energy at a fixed
frequency of 2,450 mc/sec. The energized species were allowed to flow into
the bell jar through a 0.5'" dia. pyrex tube. The metal-organic compounds
selected for this work were liquids with a vapor pressure of about 0. 5 mm.
near.-room temperature and were contained in a graduate cylinder immersed

in a constant temperature bath. The metal-organic evaporation rate (flow rate)at -
any temperature could be altered by adjusting a'l mm. dia. Teflon stopcock.

The ultimate vacuum ach1eved in the system was 240 microns pressure with a i
gas flow rate of 1.76 cm /mlnute The majority of the studies were performed [
inside an aluminum furnace 2 1/4" in dia. x 4" long. A fused silica cylinder
1 3/8" in dia. x 2 1/2" long served as a second furnace core. The constant .
temperature zones for these furnaces extended one cm. above and below the ‘
gas inlet port with a maximum radial temperature variation of + 5°C for points '
one cm. from the cylinder axes. A fused silica balance having—a sensitivity

of 1 cm/mg. was employed to determine the rate of film deposition. Details

of this apparatus have been previously reported‘'“’. In order to provide a
secondary working geometry, the basic apparatus was modified as illustrated

in Figure 2. This adaption was used to study the oxidation of silicon tetrafluoride.

N

FILM DEPOSITION AND EVALUATION

The substrates were positioned in the furnace reaction vessel with their wide
dimension perpendicular to the gas inlet tube. The general cleaning procedure
consisted of dipping the specimens into a 48% solution of hydrofluoric acid,
followed by a rinse in distilled water. During the period when the furnace temp-
erature was increasing the system was purged with the gas selected to form

the plasma. In all work, the microwave generator was operated at 90% of its
rated power output.

The films were deposited onto NaCl or KBr discs to facilitate examination by
infrared transmission. Substrates of platinum, aluminum, Al03, and fused
5i0, approximately one cm. in diameter were prepared for the rate studies.
The index of refraction and isotropic character of film specimens obtained
from the substrates and/or gas inlet tube were determined with a petrographic
microscope. Debye-Scherrer x-ray diffraction powder patterns were made to
establish whether the films were amorphous or crystalline.
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RESULTS AND DISCUSSION

Preliminary studies indicated that extensive water was formed as a reaction pro-
duct when the metal-organic compounds were decomposed via an oxygen discharge.
This water could be chemically incorporated into the oxide films when the sub-
strates were held below a certain temperature which depended on the organic
evaporation rate and the hygroscopic nature of the substrate. For instance, with
NaCl substrates, the silica films were found to be free of water above 180°C

with a tetraethoxysilane evaporation rate of 0. 015 cm~ /hour. The presence

of silicic acid was detected below 180°C by infrared transmission studies. Con-
versely, with a KBr substrate and similar conditions of temperature and evapora-
tion rate, extensive water was incorporated into the silica film.

The majority of the films prepared in this study were formed with low deposi-
tion rates of about 20 X/minute on NaCl substrates heated to a temperature
of 200°C. The optical properties of some of the films are presented in Table 1.

TABLE 1
COM PARISON OF THE OPTICAL PROPERTIES OF

VAPOR-FORMED FILMS AND THEIR RESPECTIVE
GLASSY OR CRYSTALLINE OXIDES

Principal Infrared Index of
Material Frequency (CM'I) Refraction

- 8i05: vapor-formed film 1, 045,800 1.458+ . 002

fusion-formed glass 1,080;800 1. 458+ . 002

GeOZ: . vapor-formed film 850 1.582¢+ . 002

fusion-formed glass 860 1.534-1.607

B203: vapor-formed film 1,350 1. 470+ . 002

fusion-formed glass 1,370 1. 4643

TixOy: vapor-formed film 950-700 - >1.7
TiO,: ' anatase 1,200-500 S B

Sn Oy: vapor-formed film 1,425 ‘ 1.536+ . 002
Sn05: cassiterite 850-500 >1.7

All of the films were isotropic when examined with polarized light and were
amorphous by x-ray diffraction. The silica films were formed by (1) decompo-
sing tetraethoxysilane, (C,H O)4 Si, in either an oxygen or argon plasma or (2)
decomposing tetraethysilane 1n an oxygen plasma. The germania and boron
oxide films were prepared by decomposing tetraethoxygermane and triethyl-
borate via an oxygen discharge. The infrared absorption frequencies and re-
fractive indices of the latter three vapor-formed films are similar to those

of the respective fusion-formed glasses, which suggests that a random net-
work structure can be achieved by methods other than the conventional cooling
of the melt. The spread in the index of refraction for germania glass was
realized by slowing cooling one specimen and quenching another from 1100°C;
the slow-cooled specimen had the larger refractive index. With the exception
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of the boron oxide film, the films listed in Table 1 adhered well to the NaCl sub-
strates. The B O, film was immediately coated with mineral oil after removal
from the glow dlsci‘arge apparatus because of its extreme mo1sture sensitivity
and was only partially adherent.

The non-crystalline titanium oxide films were prepared from titanidm tetra-
isopropylate while maintaining an oxygen discharge. Since titanium oxide is
not a common glass-forming system, one may inquire as to whether or not the
viscosity of such a film would be similar to that of a glass near its transition '
region, e.i. 1013 1014 poises. For many undercooled sy?tszms, the growth
rate can be described in terms of the reciprocal viscosity'’’ as:

u=__ AHy (T4-T)
3Ty W A 2n N

where u is the rate of growth (cm/sec), T is the undercooled temperature,

M\ is the viscosity (poises), Ty is the fusion temperature, A is the mean jump
distance (cm), Hf,is the latent heat of fusion (ergs), and N is Avogadre's num-
ber. If this relationship is valid for a system, then an approximate estima-
tion of the viscosity at the crystallization temperature can be made if the rate
of growth (crystallization) is known. In this study, the titanium oxide film ex-
hibited birefringence (crystallized) after 45 minutes at 325°C. An approximate
rate of crystallization can be calculated for the film if it is assumed that the
particles grew from some arbitrary value, for example, 10 Rtoc 110 & before
crystallinity was detected. The jump distance A was taken as 2 & units. Al- "~
though TiO, dissociates, the heat of fusion has been reported as 15. 5 kcal/mole
at a melting point of 1840°C(6). The growth rate determined from the rate of
crystallization is about 3.7 x 10"~ cm/sec. The corresponding viscosity

at 5980K is 5.5 x 10" poises, which would classify the film as a h1gh1{ viscous
supercooled liquid since the viscosity value is slightly below 1013, poises.
Since viscosity is approximately an exponential function of temperature, it is
reasonable to conclude that at some slightly lower te 3’perature the viscosity

of the film is characteristic of a solid glass, e.i. poises.

An amorphous tin oxide film was formed by decomposing dibutyltin-diacetate

via an oxygen plasma. Preliminary measurements indicated that the electrical
resistivity of the film near room temperature was greater than 10’ ohm-cm.
Comparing th I. R, spectra of the film and SnO,, it is seen in Table 1 that the
main absorption mode for the amorphous film occurs . at a much higher frequency
than that of the crystalline modification. This shift can probably be attributed
to a large structural variation such as a change in coordination number.

The basic apparatus shown in Figure 1 was modified as illustrated in Figure 2 in
order to study the oxidation of SiF, via an oxygen discharge. Research grade
SiF4 gas was metered into the pyrex chamber at a rate of 1. 8 cm3/minute.
Simultaneously, dry oxygen was admitted at the rate of 5 cm /mmute The
electrodeless discharge was maintained at 800 u total pressure. Under these
conditions, a thick non-adherent film was deposited onto the walls of the pyrex
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chamber within the boundaries of the plasma in about one hour. The wall temp-
erature in this region was approximately 100°C. The film can be described as
a translucent blue-white gel which was amorphous by x-ray diffraction and iso-
tropic when observed with polarized light. The index of refraction of the gel
was estimated to be considerably less than 1.400; infrared absorption bands
were evidenced at 1080, 920, and 750 cm~!. A microchemical dnalysis of the
film indicated that its composition could be represented as (SiO F),. Itis
interesting to note that the film formed only within the confines of the plasma,
which suggests that thermal and/or microwave energy are required for the
oxidatiun and/or polymerization processes.

Effect of Pressure, Temperature, and Substrate - An extensive study was made
with the silica films with respect to the mechanism and kinetics of film forma-
tion*“’. It is reasonable to suspect that the general conclusions formulated in
this work with respect to pressure, temperature, and nature of the substrate
are applicable to most of the other oxide films discussed in this manusecript.
Support for this viewpoint is ‘also documented in regards to the incorporation

of water into the films(3).

Basically, the effect of minor pressure fluctuations on the rate of deposition of
silica films was found to be negligible. However, above 500 microns pressure,
the rate of deposition was rapidly decreased due to (1) an increased atomic
oxygen recombination and (2) poisoning effects from the reaction products.

The films discussed in the present work were deposited near 240 u pressure.
Typical rates of deposition for the silica films ranged from 10 to 80 R/min.

by variation of (1) the organic evaporation rate or (2) the substrate tempera-
ture. The rate of deposition was constant with time. The relationship be-
tween logarithm of the deposition rate and reciprocal temperature is depicted
in Figure 3 for various substrates. The data have been spread to show the
temperature dependence of deposition with each substrate. With a tetraethoxy-
silane evaporation rate of 0. 15 cm3/hour, the silica films were free of water
and/or organic inclusions (by infrared transmission studies) above ~~ 290°cC.
At higher temperatures, the rate of deposition decreased with increasing
temperature and was ascribed to a process of physical adsorption. The appar-
ent heat of adsorption of silica glass on the fused silica, NaCl, and platinum
substrates was calculated to be 12.7 + 0. 2 kcal/mole. For the aluminum

or AIZO substrates, the apparent heat of adsorption of silica was calculated
to be 9.% + 0.3 kcal/mole. It was concluded that the hygroscopic nature of the
AlZO surface was responsible for the lower heat of adsorption observed. It
was postulated that a hydrated surface tends to incorporate further hydroxyl
groups into the film structure. With this reasoning, one might expect that the
hygroscopic nature of the KBr substrate discussed earlier would also lead to

a decreased heat of adsorption. In conclusion, it is postulated that the rate of
deposition of an oxide film with a moisture sensitivity similar to that of silica
is most likely affected in the same manner, e.i. physical adsorption controlled
below 410°C. The apparent heat of adsorption of the oxide films on the various
substrates, is of course, dependent on the molecular structure of the films and
the hygroscepic nature of the substrate.
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Figure: 3: Rela.t1onsh1p of Logarithm Silica Deposition Rate and Rec1procal
Temperature for Deposition on Various Substrates.

Other Systems - The microwave discharge technique can be employed to deposit
a variety of thin films at low temperatures. One obvious variation of the tech-
nique utilizes gaseous plasmas other than oxygen. For instance, in the work
with silica films it was found that (C2HgO)4Si contained sufficient oxygen to
facilitate the formation of $iO, when the c?mpound ‘was decomposed with ener-
getic argon species. Sterling and Swann have recently deposited amorphous
5i3Ny films by the reaction of silane and anhydrous ammonia in an RF discharge.
Non-crystalline silicon nitride films have also been prepared at Rensselaer
Polytechnic Institute by the decomposition of (C2H5)4Si via a nitrogen discharge.
The use of a NZO plasma to form SiZONZ poses another equally interesting
possibility.. Success to date with the latter reactions has been complicated by
the ease of formation of silica. Since metal-organic compounds are now avail -
able for a large number of metals, it would seem that the microwave discharge
technique could lead to many new and unusual films by a simple variation of

the reactant and/or plasma compositions.
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The Reaction of Oxygen with Carbonaceous Compounds
in the Electrodeless Ring Discharge

b : ' Chester E. Gleit

Department of Chemistry, North Carolina State University, Raleigh, North Carolina, 27607
. . ' ' |
» Abstract '

The electrodeless ring discharge has recently found use in chemical analysis as
a means of removing carbon from graphitic and organic compounds preceding elemental
analysis and determination of microstructure. To determine appropriate reaction con-
ditions, the relationship between oxidation rate and sample temperature was studied.
Samples were immersed in a plasma produced by passing molecular oxygen through a
radiofrequency field. An inductively coupled, 13.56-MHz generator préducing 95 watts
was utilized. Gas pressure was 1.2 torr, and flow 150 c¢/min. The apparent activa~
. tion energy of pure graphite was found to be 6.5 Kcal/mol in the temperature range
100 to 300°C, and zero at higher temperatures. The activation energy of both impure
graphite and sucrose were slightly lower. These values are consistent with those of
atomic oxygen. The reaction of graphite with CO, did not occur below 120°C and
. yielded an apparent activation energy of 3.2 Kcal/mol in the temperature range 150
to 300°C. Oxidation rate was observed to depend on electrical field configuration.
Increasing the temperature of the reaction tube's walls decreased the rate of carbon
oxidation. Trace ions, such as Fe(II), Se(IV), 0s(IV), and iodide, were converted
Y to higher oxidation states. Neither oxidation nor volatllity was observed to be
strongly temperature dependent.

A} Introduction

e In 1962 a method was reported for the decomposition of organic substances based

‘on reaction with an oxygen plasma, produced by passing molecular gas through a radio-
frequency electrodeless discharge (5). This method has found use in a variety of
chemical studies. Loss of trace elements through volatllization and diffusion is less

. than that in conventicnzl dry ashing. Destruction of mineral structure is reduced.

\As a small quantity of purified oxygen is the only reagent, the possibility of chemical
contamination is diminished. Applications of this method include: microincineration

" of biological specimens (13), the ashing of coal (6) and filter paper (4), and the

[ recovery of mineral fibers from tissue (1). Several reviews of analytical applications

b have been published (9)(14).

5 In conventional ashing both reaction rate and retention of volatile components
Jbare strongly temperature dependent. However, disagreement exists as to the effect of

- temperature in plasma ashing. In part, this is due to difficulty in applying conven-
Wtional temperature measuring techniques to solids immersed in a strong radiofrequency

" field. The question is further complicated by the fact that a single temperature

\ cannot be assigned to the system. Electrons in the low pressure plasma are not in

. thermal equilibrium with the ions and neutral species. Furthermore, the temperature

” of the specimen and the surrounding vessel may differ considerably. In this study the
& effects of temperature on oxidation rate, recombination of active gaseous species,
i'and volatility of inorganic reaction products are considered.

l}) ‘ .

o Experimental
!
p)

R

The reaction system employed in these studies (figure 1) consisted of a 100-cm
long, 3.5-cm I.D., borosilicate cylinder (Pyrex No. 7740). Specimens were placed on
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the principal axis 43 cm from the gas inlet. A 0.6-cm tube, C, passed diametrically
through the cylinder and held the specimen on a central projection., Sample tempera-
ture was regulated, in part, by circulating liquids between this tube and a constant
temperature bath. Radiofrequency excitation was supplied from a 250-watt, crystal
controlled 13.56-MHz generator, described previously (3). Except as otherwise noted,
an output of 115 watts was employed. Power was transferred to the gas by means of an !
jmpedance matching network terminating in a 10-turn coil of i-inch 0.D. copper tubing .
tapped 2 turns from ground. The coil, B, which had an inside diameter of 4.5 cm and

was 12.5 cm long, was coaxial with the reaction tube and placed 10 tm from the gas .
inlet. . ’ .

After passage through a rotometer, molecular gas entered the reaction system
through a capillary orifice, A. Pressure was monitored by a McCloud gauge attached
to side arm E, located 50 cm beyond the gas inlet. Pressure was maintained at 1.2
torr; and flow rates at 150 cc per minute, S.T.P. U.S.P. grade oxygen and instru-
ment grade carbon dioxide were used.

The temperature of solid specimens in the plasma was determined by means of an
infrared radiation thermometer (Infrascope Model 3-1C00, Huggins Laboratories Inc.,,
Sunnyvale, Calif.) attached to a chart recorder. - This device employs a lead sulfide
detector and suitable filters to permit remote measurement of 1.2 to 2.5 radiation
emitted by the specimen. To compensate for variations in emissitivity and inhomo-
geneity in the optical field, empirical calibration curves were constructed. :
Thermocouples were employed to determine cylinder-wall temperatures. To eliminate ‘
interaction with the radiofrequency field, the transmitter was inactivated during {
the latter measurements. '

High purity graphite rods (National Carbon Co., Grade AGKSP) were employed as
standard specimens. These rods were 0,61 cn in diameter and had a cavity machined
into their base to affix them to the cooling tube, Pellets of sucrose and carbon {
containing small quantities of cupric acetate were also employed. The latter were
produced by heating and then pressing a slurry of the salt solution and 200-mesh ,
graphite powder. i

Results and Discussion

Sample Temperature: The temperature variation of oxidation rate of graphite '
exposed to the oxygen plasma is shown in figure 2. Over the range 120 to 300°C, the p
Arrhenius equation, K = Ce~Ea/RT, fits the data well and yields a value of 6.5 .
Kcal/mol for the apparent activation energy, E,. Between 300 and 450°C, the highest 1
temperature studied, oxidation rate is not dependent on temperature, The oxidation i
of graphite by molecular oxygen at high temperature is strongly dependent on the purity
of the graphite. To determine if a similar effect occurs in plasma oxidation, pellets
composed of pure graphite powder and inorganic salts were utilized. The results of
the addition of 0.0l M cupric acetate are shown in figure 2. At low temperature the
change in oxidation rate of pure and impure graphite with temperature is similar. L
However, the rate of oxidation of the impure graphite becomes independent of tempera-— A
ture at a lower temperature., Measurements performed with specimens containing lower
~ concentrations of cupric acetate led to results which fell between the illustrated
curves. ’

The gas in the low pressure electrodeless discharge is chemically similar to that ,i
in the positive column of a low pressure arc. Molecule-molecule and ion-molecule “
collisions are frequent. The ions and neutral species are, therefore, nearly in ther- J
mal equilibrium. Elastic collisions between these species and electrons are less \"
frequent. At low pressure electron temperatures are quite high. In the oxygen dis-
charge atomlc oxygen (3P) is believed to be the most abundant active species. Higher ‘
energy states of atomic oxygen, positive and negative ions, and electronically excited B
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states of molecular oxygen are also present.

It is instructive to compare these results with measurements of the activation
energy of graphite with atomic oxygen removed from the luminous discharge. In several
early studies a value of zero was reported (2) (16). Hennig (8) observed no dependence
on temperature at a pressure of 1.0 torr .and a value of. 7 Kcal/mol at 10 torr. This 7
difference was attributed to ozone formation. In a recent detailed study of the
atomic oxygen-graphite reaction, Marsh et al. (11) reported an activation energy of
10 Kcal/mol between 14 and 200°C, which approached zero at -350°C, IAlthough the rate
of oxidation in these studies was considerably lower than that obtained in the plasma, '
their values are consistent with the belief that atomic oxygen is a major reactant i
within the discharge.

{

Of a variety of specimens, only graphite exhibited an abrupt change in activation
energy near 300°C. For example, the apparent activation energy in the decomposition
of sucrose is approximately 4 Kcal/mol over the entire measurement range. The indepen-
dence of oxidation rate for graphite at high temperatures is ascribed to the formation
of surface oxides. Numerous studies of graphite combustion have shown that such surface
compounds control rate at elevated temperatures in-excess oxygen. As anticipated,
increasing radiofrequency power to the discharge does not measurably increase the rate
of graphite oxidation at high sample-temperaturs. -

The exhaust gas of the oxygen-graphite reaction contains both carbon monoxide and
carbon dioxide, with the latter predominating. In the luminous discharge region these
gases react with graphite. The results of measuremepts in which carbon dioxide was {
passed through the radiofrequency field and then exposed to graphite rods activated
are shown in figure 3. Between 150 and 400°C the Arhennius equation fits well, yield-
ing an apparent activation energy of 3.2 Kcal/mol. Below 120°C less than one mg per.
hour of carbon was removed. This small weight loss is attributed to ion and electron. ¢
bombardment . o

4

7

Wall Conditions: In a number of experiments, increasing power beyond an optimum
value led to the anomolous result of reducing ashing rate. Earlier it was noted that .
placing a dry ice-acetone trap in the exhaust stream extended the length of the lumi-
nous discharge (5). To study this effect, wall temperatures were varied while the 4
carbon rod was maintained at 200°C. The results of a series of measurements are shown
in figure 4. Assuming that the decrease in oxidation rate at increased wall tempera-—
ture is due to recombination of active species at the wall, the overall activation
energy at low temperatures for this process is approximately 2 Kcal/mol.

N

The major sources leading to loss of active oxygen species are recombination of
atamic oxygen and ions at the walls of the vessel, The recombination of discharged
oxygen on glass surfaces has been investigated. Linnett and Marsden (10) reported
that the recombination coefficient of atomic oxygen on clean borosilicate glass
(Pyrex) was independent of temperature, However, positive values were observed on
- contaminated surfaces. In a later series of papers Greaves and Linnett (7) studied
a number of oxide surfaces, in all cases the recombination coefficient was temperature
dependent. For silica apparent activation energies were 1 to 13 Kcal/mol over the
temperature range 15 to 300°C. The exceptional nature of Pyrex was noted.

> The second major source of loss of active species results from electron-ion-
recombination at the chamber walls. The electric field restricts the drift of ions
to the chamber walls. Rate of recombination is controlled by ambipolar diffusion,
but is limited by the presence of negatively charged oxygen ions in the discharge (15).
Although diffusion is not dependent on wall temperature, a distortion of the axially
symmetric electrical field will enhance wall recombination, producing ‘an increase in
wall temperature and a reduction of oxidation rate. This effect is noted in table I..
The presence of a 6-cm long metallic ring on the exterior wall of the reaction vessel
reduced oxidation rate by more than ten per cent. Grounding the ring in common with
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the output coil further reduced the oxidation rate. This is a local effect, in that
oxidation rate beyond the ring was not greatly reduced. Distortion of the field can N
also be introduced by changing the angle between the end of the output’ coil and the
reaction tube. Variations from axial symmetry led to reduced rates and decreased the
length of the luminous discharge. Similar effects have been observed in electrodeless
discharges at higher pressure (12). : '

-

Table I . r
Effect of Field Distortion on Carbon Oxidation Rate

- Oxidation Rate_ :

) _ Angle mg/hr
" Pyrex tube - 0° : 9
Pyrex tube and ungrounded 0° 70
copper ring :
‘Pyrex tube and grounded - 0° - 62 ’ o
copper ring -
- Pyrex tube , 1.0 ’ 7 ‘
Pyrex tube 3. 63 )

- Effect on Mineral Constitusents: It has been reported that there is no apprecigble
loss of a number of metal ions.in plasma oxidation (4,5). Nonvolatile species include:
Na(I), Cs(II), Cu(II), Zn(II), Mn(II), Pb(II), Cd(II), Co(II), Ho(III), Er(III); Fe(III),
Cr(IIL), As(III), Sb(III), and Mo(VI). The effect of ashing temperature, the reason ‘
for the surprisingly low volatility, and the final oxidation state of the product were
not previously explored. As part of the present study, 20 to 100 mg of compounds con-
taining radioactive tracers were deposited on Whatman cellulose filters. After .
exposure to ashing for a sufficient.period to remove the filter paper, generally 30 -
minmutes, the. activity of the ash was measured and the oxidation state of the element
determined. Specimen temperature was adjusted during ashing by altering input power. y

These measurements are summarized in table II. In general, temperature has little
effect on retention., These results and earller observations indicating complete reten-
tion of metals in compounds such as arsenecus chloride and metalloporphyrins (5) are {
believed to be due to competition between volatilization and oxidation to less volatile
-compounds . Unlike the other elements studied, the highest valence oxide of oasmium,
080,, is the most volatile. Therefore, this element is volatiliged in the plasma
- oxldation process. o ’ . :

The volatility of iodide, shown in figure 5, is also consistent with the hypothe- f
sis of competition between volatilization and oxidation. During these measurements, -
ashing was stopped at 5 minute intervals. It is seen that loss of 1131l closely follows
" the curve for filter paper gissification. No loss of I13l occurs after the filter -
paper is removed, loss of I 31 varied between 15 and 35 per cent. However, none of /
the residual I131 could be precifitated with silver nitrate, indicating that the iodide =
had been oxidized. When the I13l tracer was converted to NalO; before ashing all of )
the iodine activity was retained. - .
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Table II

Recovery of Trace Elements from Ashed Filter Paper

} N . .. ..Highest . : Percent in

S Max. sample Percent Oxidation . Highest
Tracer Compound Temperature Recovered __State Oxidation State
Fe??  Fe(oH), © 120 100 oomr | 95
Fe>?  Fe(OH)5 120 . 100 III 100
se?  MagSeo, 110 9 v 91
se’>  NagSed; 250 - 100 v 93
s Wageo, . 10 100 v \ 100
se”  NaySeo, 250 100 v 100
AgM0R pe01 10 89(99)* I -
g™ g1 © 250 - 79(100)* I : -
05'1'9']" 0s0, 120 S VIII ‘ -
08191 Na0s0 150 <1 VIII -

FARN
* Recovered after rinsing tube with HF-HNO,

. The behavior of silver ion represents a different type of ashing loss., As
opposed to the other metals in this study, only 75 to 90 per cent of the AgHlm could
be recovered from the borosilicate sample holder by rinsing with dilute nitric acid.
To recover the remainder of the AgllOW the glassware had to be repeatedly rinsed with
a warm mixture of nitric and hydrofluoric acids. By maintaining the system at low
tempera.ture this difficulty was ameliorated, but not ‘eliminated.

Conclueion- A number of active specles are known to be present in the luminous
electrodeless discharge. Although a similarity between reactions in the plesma and
those of discharged oxygen is noted, it cannot be concluded that within the plasma
only the reactions of atomic oxygen are significant. The present study indicates
appropriate conditions for the application of the electrodeless discharge to decompose
carbonaceous materials prior to elemental analysis. Specifically, increasing sample

. temperature to 200-300°C leads to an improvement in ashing rate without appreciably
increasing volatility losses.
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