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1 Introduction and Survey

The techniques of ion bombardment and ion implantation are receiving increasing
interest in different fields of science. Their application for the solution of problems
in basic science and their potential utilization in applied science are numerous.

Some years ago the bombardment of semiconductors was the only widely used appli-
cation. While this is still the field of the most practical importance the implantation
of materials in order to improve their resistance against mechanical and chemical
attack is receiving more and more attention.

An energetic particle hitting a surface or interacting with a gas may

— merely cause damage,

— itself act as an important quantity for the process,

— end up as a reaction partner during the formation of a new alloy or compound.

Table 1 represents an attempt to classify the studies using ion beams according
to their field of science and according to the main effects caused by the ions. The
arrangement is somewhat arbitrary. But because of the great overlap between the
different kinds of studies, this cannot be avoided.

Therefore, ion implantation is a real interdisciplinary field in which engineers as
well as physicists and chemists work. The chemists were in a minority until recently
and the chemical aspects of ion implantation received much less attention than the
physical and technological ones. Nevertheless, they are just as interesting and of prac-
tical importance for its future development. For these reasons it seems justified to
present the most important works with chemical significance done during the last
decade by chemists, physicists and engineers.

Unfortunately, it is very difficult to demarcate the area of ion bombardment
from the surrounding area and to distinguish the more chemical effects from the
other effects induced by bombardment. Therefore one has to try to find a definition
of “chemical effects of ion bombardment™ in the sense of the present article.

It includes accordingly all studies concerned with:

a) Chemical effects of the radiation or, in other words, changes in the chemical
structure and composition of the targets induced by the bombardment. The rel-
evant chapters are “Radiation Damage’ and *““Surface Chemistry of Materials
Irradiated with Ions™.

b) The chemical state and the chemical reactions of the bombarding ions themselves.
Examples are found mainly in the chapters “Solid State Chemistry of Implanted
Atoms” and in “Surface Chemistry of Materials Irradiated with Ions™.

¢) The use of implanted ions as a probe for the state of a system. The chapters
“Solid State Chemistry of Implanted Atoms” and “Radiation Chemistry” con-
tain a few examples of interest for chemists.

d) The applications of ion-irradiated materials in chemistry independent of the ir-
radiation effects being of chemical or physical nature. These studies are men-
tioned in the chapter “Surface Chemistry of Materials Irradiated with lons”.
Semiconductor and thin film technology is an area too large to be included in

this survey, apart from a few comments in Sect. 5. This is also true for “Implantation

Metallurgy”, which has been covered by a number of recent review papers'* 2,
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G. K. Wolf

The radiation effects and ion-molecule reactions in gases are other topics which,
strictly speaking, belong to the subjects of this article. But being much too volumi-
nous the subject would by far exceed the extent of this paper. Fortunately, there are
several relevant books available® ¥ .

Since there exist quite a number of other methods for surface modification and
for introducing foreign atoms into host lattices, one should discuss briefly the advan-
tages of ion implantation:

a) Itispossible to dope every host material with every element. There is no need
to consider the question of solubility or other thermodynamic quantities.

b) Ion implantation is the only method allowing the doping of a host material at
any temperature one likes. Studies of the recovery behavior of materials in the
low-temperature region and of the low-temperature chemistry of foreign atoms
in hosts are thus possible without prior treatment of the system.

¢) One may study the behavior and the reactions of single atoms because the num-
ber of ions interacting with the solids or gases may be limited to avoid mutual
influence.

d) Ion bombardment of solids leads to variations of very thin surface layers of a
few A to a few 100 A, while the bulk of the material remains unchanged.

e) The density of defects in the implanted region of solids is very high.

The last two arguments are controversial. In certain cases the impossibility of
doping the bulk of a material or the creation of defects through the implantation
could be disadvantageous. This statement indicates the limitations of the method as
well as the fact that it is an experimentally pretentious technique.

The following three chapters provide an outline of the fundamentals of theinter-
actions of heavy ions with matter and a description of the most irportant experi-
mental methods for the production and acceleration of ions as well as for the analy-
sis of the products of the bombardment.

In Chaps. 5 and 6 the experimental work with chemical relevance to radiation
effects as well as the chemical “fate” of the bombarding particles and the applica-
tions of the irradiated material are covered.

The last chapter proposes some future trends in this field.

2 Fundamentals of the Interaction of Heavy Ions with Matter

2.1 Energy Loss

An energetic ion passing through matter loses energy through interaction with the
surrounding atoms. The mechanism of this energy loss was the subject of many years
of investigation, starting in 1913 with Bohr® and most completely developed in 1963
by Lindhard®. The treatment by different authors contains many assumptions and
correction factors, but the agreement within the experiments is rather good in gener-
al, taking into account a number of additional processes not included in the theory.

6
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The following summarizes the theory of Bohr, Bethe and Lindhard et al. The
major processes of energy loss are:

—  Excitation of the electrons of the surrounding atoms by the energetic ion. This
process is called electronic energy loss or electronic stopping.

— Collisions of the ions with the atoms, called nuclear energy loss or nuclear stop-
ping.

— Charge exchange between the ions and the atoms.

The total energy loss is the sum of the three fractions, and may be written

€\ [ o€ L[
dx total dx electronic dx charge exchange dx nuclear

Since charge exchange represents only a very small fraction of the total energy
loss, it will be neglected in the following considerations.

Electronic energy loss is the prevailing fraction at high energies or low mass num-
bers; nuclear energy loss dominates at low energies and high mass numbers. Thus He ions
of 100 keV lose their energy nearly exclusively by electronic excitation, 10 keV Xe
ions mainly by elastic collisions.

At even higher energy another mechanism starts to play a role, namely Ruther-
ford scattering at the atomic nuclei. But for the energy region we deal with it has not
to be taken into account.

2.1.1 Electronic Stopping

In the theory of Bohr” the energy loss of an ion interacting with an atom is

dE _4nZiet B
-z =
dx electronic my

This is only valid for a fully ionized atom moving with a higher velocity than the
K-shell electrons. B is an interaction parameter for which Bethe® % gave the expres-
sion

Z,,Z, = nuclear charge of the ion and atom

B=2Z,ln (2 my? m = electronic mass
v = projectile velocity
[ = average excitation energy of the atom

For lower velocities one has to apply inner shell corrections as well as for the cap-
ture of electrons by the primary ion% = 12),

At low velocities (vi <<Z, + vg;vp =2, /") the electronic stopping power
is proportional to v, .
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For this region Lindhard and Scharff'® gave the formula

dE _£8ne2Na02122v
dx electronic e(Z{IB + Z%/T) 7 Vo

E ~ Zl/6
ag = first Bohr orbit
N = number of atoms per unit volume

vop = Bohr velocity

2.1.2 Nuclear Stopping

Nuclear stopping is only important at low velocities (v; < Z,+v,) where collisions
between the projectile and the target atom as a whole take place. They can be treated
using classical mechanics if the energy is above a certain value, a condition being ful-
filled nearly in all cases of interest for the present paper. The most difficult task in
this treatment is the proper choice of an interatomic potential between two colliding
atoms. Bohr*® as well as other authors discussed this question. There have been sev-
eral flst)tempts using Born-Mayer-, Coulomb-, Nielson-, Brinkman-, and Fiersov-poten-
tials ™,

Lindhard et al. used a Thomas-Fermi potential and calculated the differential
scattering cross section for multiple collisions® as

2
_Tn-a 1/2
o= zon )

where f is a numerically evaluated function for which Winterbon et al. give an analyt-
ical approximation 16) "and t a dimensionless variable and a a measure for the size,
connected to the first Bohr orbit a,:

ag - 0.8853
(i + 23"

2.1.3 Energy Loss Expressed in Universal Constants

The most interesting feature of the work of Lindhard et al.?) is the possibility of ex-
pressing the electronic and the nuclear stopping power in terms of universal constants,
a form independent of the mass and charge of the individual atoms. A “universal”
energy € and a universal range p are defined, and the energy loss is expressed in terms

de dE
f{ —) inst f1—) .
o (dp) instead o (dx)

8
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The electronic energy loss takes the form

de =kelf?
dp electronic

0.079 Z}/0Z12Z12 (M, + M;,)3

withk =
(233 +23P)°F MY M2

The nuclear eneigy loss is related to the stopping cross section o by
de =g —*7————(M1 +My) , where
dp nuclear 47e Zl Zle

the universal energy is calculated by

aMz
Z,2,6*(M; + M,)

€e=E

and the universal range is calculated by

2
p=RNM, _4_79_1\4;
(M; +M,)

M,, M, represent the masses of the projectile or target respectively,

R is the normal range of the projectile in matter and

N is the number of “stopping atoms” per unit volume.

Figure 1 shows the nuclear and electronic specific energy loss.

From the curves it is possible to calculate the “normal’ stopping using the above
equations. Note that the curve for the nuclear stopping is really universal, whilst the
curve for the electronic stopping has a different slope (k) for every combination pro-
jectile-target. The figure shows very clearly that nuclear stopping is the dominant
mechanism at low energies and electronic stopping at high energies.

0.6

~Z
So=k€Z,
e
e

04 / \\< - P Pt

I

P - B Fig. 1. Nuclear and elec-
tronic specific energy loss S
0 ’ 1 2 4 as a function of energy in
6/2, i.e.proportional to v dimensionless units
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2.2 lon Ranges and Profiles

2.2.1 Ranges

The treatment covered in the preceding chapter allows the prediction of ranges of

implanted atoms. The range is the total path of the ion or the integral over all %%

If one uses the expression range, one has to define the kind of range meant.
Figure 2 tries to clarify the different types. One might be interested in the total
range R, or, more often, in the projected range Rp which is a measure of the dis-
tance of the ion from the surface and has the advantage of being easily accessible to
measurements.

An approximate relation for the region of nuclear stopping is given by Lind-
hard"®

M,

R_L=1+__
R, = 3M

The electronic stopping does not lead to major deflection and does not contribute
very much to the lateral spread R|. Another important quantity is the range straggl-
ing AR or AR ,. It contains information about the actual distribution of the implanted
ions in a solid. They also have been calculated by various authors, e. g. Schiott®.

In practice, one normally uses tables or graphs presenting ranges, range straggling,
and lateral spread as a function of projectile-target combination and energy. In
general, the energy is given in keV and the range or projected range in ugem™ 2
which allows an easy comparison of different materials. Some range tables are pre-
sented in Table 2.

Yy
A - o
-7 R
¥ L e e —f—-
59,’ R,
7

017) in the x direction

Fig. 2. The different types of ranges for an ion starting from x=y=z=
R; = totalrange, Rp projected range,
R, = vector range, R} lateral range,

R? = R2+R]

10
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Table 2. Range-energy tables

Author Quantities listed Targets Ref.
G. Dearnaley et al. R,+ AR, Z1,2,=5,10,15... 19)
J. Gibbons et al. Rp, ARy Selected elements and 20)

Ry, ARy, compounds

dE dE

dR , dR

nucl. el.

R. G. Wilson, Rp+ AR, Selected elements and 21)
G. R. Brewer compounds

Another possibility is the use of graphs where the reduced range is plotted versus
the reduced energy e, as derived from the theory of Lindhard. They have the advan-
tage of containing all possible information on one page, the disadvantage that one
has to calculate the ““‘normal” units from the equations given in the preceding section.
In most cases the values given in the tables are only for elemental targets or semicon-
ductor compounds. For other compounds one may estimate the ranges assuming a
fractional contribution from the different elements.

L =3 X121
Rp i Rpl,2-"i
Rpi,2... = Range of the elements 1,2. ..
Xy,2 ... = Fraction of the component in question at the total mass

The accuracy of this estimate is about = 10 %,

2.2.2. Range Profiles

Range or concentration profiles contain information about the distribution of the
bombarding ions in the solid target. Since the mapping of the distribution in three

mean projected range

log of relative
concentration of
implant

Fig. 3. Theoretical concentra-
L tion profile of implanted
depth below surface atoms in a solid target

11
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£ | ] ! Fig. 4. Range distribution of 85Kr
0 50 100 150 ions implanted at different ener-
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dimensions is quite intricate, one normally presents the intensity distribution in the
direction normal to the surface. This gives a picture of the actual depth distribution
of the ions in the target. The theoretical range profiles are very similar to a Gaussian
distribution around the mean:projected range (Fig. 3).

The energy of the ions is responsible for the penetration depth and the depth
distribution.

Figure 4 shows the experimental distribution of 5Kr ions implanted into amor-
phous Al, O5 at different energies.

Such distribution data can also be presented as integral curves. Here the concen-
tration remaining beyond a certain value at any penetration depth is plotted. This
kind of description makes it very easy to deduct the variations between two depth
values or the concentration at high depth values. Figure 5 shows the same distribu-
tions as Fig. 4 in the integral form.

The range profiles measured experimentally very often show considerable devia-
tions from the Gaussian form. The reasons for these deviations are:

a) In single crystals or polycrystalline material an alignment of the ion beam with

a crystallographic axis leads to an enhanced penetration of the ions due to the
channeling effect (Sect. 2.4). Figure 6 is a presentation of results using such a

system.
10
g o1
[e]
a
E
o
@
< oot}
Q001
0 100 200 300 400 Fig. 5. Range distribution (inte-
Depth in ug Jem? gral) for 8%Kr in A120323’ 24)
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10"
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Fig. 6. Range profiles of 85Kr in amorphous, polycrystalline and single crystal tungstenzs)

An increase in dose slowly destroys the ordered crystal structure, leading to a
distribution similar to the amorphous case. The channeling effect in polycrystal-
line material is much smailer compared with single crystals.

b) At elevated temperature the diffusion of the implanted atoms very often leads
to a broadening of the profile. In addition diffusion processes play a role at low
temperatures during the irradiation, leading to “radiation enhanced diffusion”
(Sect. 2.6). Fig. 7 illustrates the effect.

A
100 }
§
5 75x 10" cm2
=
c
o
(5]
c
<]
(8]
a
o
5
o
@
5x 10" cm 2
o 1 "
‘¢ 120 0 260 @ 30 Fig. 7. Broadening of the concentration profile due
Apparent depth in A to radiation-enhanced diffusion (after29))
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surface erosion
.'_A'_‘

log of relative
concentration

inal profile

}tjal pﬁ Fig. 8. Originally Gaussian con-
centration profile after a high-dose
(calculated) irradiation. The erosion is due to
depth below surface the sputtering effect

¢) The sputtering effect (Sect. 2.5) removes the surface layers of the target. Natural-
ly the implanted ions of the surface region are affected by this process, too. This

leads to a modification of the profile as shown in Fig. 8.

Without going into further details, it should be mentioned that a number of
techniques exist for shaping the concentration profile or achieving a more uniform
profile:

— subsequent bombardments with different energies,
— controlled diffusion of the implanted species,

— erosion of parts of the profile due to sputtering,

— bombardment of the target at different angles.

2.3 Energy Distribution

Neglecting the electronic energy loss, we may assume that a primary particle loses a
fraction of its energy in colliding with a secondary target atom. The secondary atom
may have enough energy to displace a third atom. If the primary atom has enough
energy, the number of displaced secondary atoms could be rather high. Thus the
energy is dissipated by a collision cascade containing a certain volume of the target.
The number of displacements (N) in the cascades depends on the energy of the pri-
mary particle (Ej;) and the minimum energy required for the formation of a dis-
placement (E,).

N= ;‘-E’; (Epr > Ey)
This expression gives only a rough estimate. It neglects the electronic energy loss,
the form of the atomic interaction and replacement collisions. Therefore, in reality,
the above formula will give a considerable overestimation of the number of displace-
ments, It is possible to take some of the neglected quantities into account by a cor-
rection factor.

One can calculate the complete profile of the displaced atoms and get in that
way a spatial distribution of the deposited energy. Several attempts have been
made2” 2™
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Fig. 9. Computed range and damage profiles for different mass ratios (afterzs))

There are cases where the range of the displaced atoms exceeds the range of the
implanted ions and vice versa, depending on the ratio of the mass M, of the ion to
the mass M, of the displaced atom. Fig. 9 presents the range of the ions and the cor-
responding energy distribution for

Looking at this presentation, one should keep in mind that the experimental
energy distributions may deviate a good deal from the calculations.

2.4 The Channeling Effect

The enhancement of ion or damage penetration in ordered materials along certain
crystallographic directions has already been mentioned in the preceding section.
There exist two main reasons for this effect:

— energy may be transported along close-packed rows of a crystal by focusing
collision sequences far away from the initial event. This so-called “focusons”
very often accompany a mass transport because of the last atom of the sequence
being displaced from its initial position. This results in the damage proceeding in
a favored direction.

— The primary implanted atoms may propagate much further into the crystal by
following the direction of a “‘channel”. The host atoms, forming the “walls” of
the channel, give rise, due to their potential distribution, to a focusing effect
along the centre of the channel. The consequence is that channeled atoms are

found up to 10 times further inside a crystal than random ones®.
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Fig. 10. Variation of the transmitted proton current with the rotation of a single crystal about
the (111) axis

The channeling effect is illustrated experimentally by letting protons penetrate
through a thin aligned gold crystal. The proton current, a measure of the transmis-
sion probability, is a strong function of the orientation of the crystal. In Fig. 10 the
transmitted ion current is plotted as a function of the rotation of the crystal around
the (111) axes®.

An effect related to channeling is called blocking. If a displaced atom or an im-
purity in an interstitial position “blocks™ a channel, the preferential penetration of
atoms through this channel is hindered. Therefore, the presence of damage or impuri-
ties has some influence on the channeling effect, a fact being used in backscaitering
experiments for the location of displaced or foreign atoms (Sect. 4.2.1). Also the
regular atoms in an atomic row of the lattice may block the penetration of ions if
the crystal is misaligned. While the maxima of Fig. 9 correspond to favored directions
of channeling, the minima show favored directions of blocking. One may also record
the intensity of the proton or ion beam transmitting a thin crystal in a two dimen-
sional representation. The screen or photograph will show a regular pattern of dark
and light spots or lines corresponding to the direction of favored channeling and
blocking of the scattered particles. Such a pattern is useful for getting information
on the structure of a crystal.

2.5 Sputtering

In Chap. 2.3 the dissipation of the energy of the primary events by a collision cas-
cade was mentioned. If a primary collision takes place near the surface, a part of this
cascade may be directed to the surface. This leads eventually to the ejection of sur-
face atoms from the solid as shown in Fig. 11.
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Fig. 11. A collision cascade leading to the
ejection of surface atoms

In general, one characterises the sputtering process in terms of the sputtering
yield. The sputtering yield is the number of atoms ejected from a surface due to the
incidence of one bombarding ion. The sputtering yield is dependent on several vari-
ables. The most important ones are the energy and the mass of the bombarding ions.
The yield increases with the mass and with the energy until a maximum is reached,
typically in the region of 10%—10° eV.

In addition to these factors, the elemental composition of the target plays a role.
Tantalum or similar metals as targets have sputtering yields of < 1 atom/ion, whereas
metals like Ag, Au and Cd may have values from 10— 100 atoms/ion.

Experimentally measured sputtering yields, like the ones reported by Almen and
Bruce®", also show a Z dependence (Z of the ion) in addition to the mass dependence
and have yield peaks around bombarding elements like Cd and Hg. These are no
“real” peaks but, due to the implantation of the bombarding ions, the susface is
altered under formation of phases or alloys. Thus after a certain period of bombard-
ment the alloy is sputtered instead of the original target. Taking into account such
experimental difficulties, one finds a rather good agreement between the experiment
and the sputtering theory. Among the various attempts made to describe this phe-
nomenon the Sigmund theory, in particular, should be mentioned3?

The sputtering effect has a number of practical consequences for ion bombard-
ment experiments.
a) As already mentioned, sputtering causes surface etching and, therefore, changes
the range profile at high implantation doses.

b) Sputtering limits the maximum amount of a certain ion which can be implanted
into a surface. After an elongated bombardment the number of atoms already
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implanted and sputtered again from the surface is just as high as the number of
the freshly incoming atoms. The equilibrium dose is > 108 jons/cm? for mate-
rials with low sputtering yield and around 10" for high sputtering yield.

c) Alloys or compounds may suffer preferential sputtering of one of the elements.
Therefore, during the bombarding process the composition of the compound
may change.

Not much is known about the energy of the sputtered atoms. Most investigators
come to the conclusion that the atoms show a distribution around a maximum inten-
sity of 1 —10 eV which extends with a E~2 dependence to higher energies33). At
elevated temperatures the maximum shifts to lower energies < 1 eV. The idea of
thermal spike evaporation, a mechanism which is not important at low temperatures,
developed from this finding. The energy distribution is a smooth function of the
energy and mass of the primary ions. Besides atoms ions are also sputtered. In gener-
al, their yield is orders of magnitude lower than the neutrals, but there are certain
exceptions like the alkali halides. The sputtering yield also depends on the angle of
incidence of the beam to the target. The yield maximum normally occurs at angles
between SO° and 80°, at higher angles the beam is reflected more and more from the
surface and the yield decreases.

There exist a number of investigations dealing with surface topography as a
result of sputtering which we cannot treat in detail. Generally speaking, one would
expect a smoothing of the surface. In practice this is only true for planar isotropic
material. In a number of cases a new structure is produced:

— an impurity with a lower sputtering yield may protect the underlying material,

— the initial surface topography may shadow certain regions of the surface, espe-
cially in the case of a sloping incidence of the beam,

— there will be a flux enhancement at edges and steps of the material,

— in craters the atoms already sputtered are deposited again,

— in crystalline solids grains with different crystallographic orientation are sput-
tered at different rates. Grain boundaries and dislocations may also play a simi-
lar role.

Summarizing, one may say that sputtering has important consequences for the
bombarded material and the surrounding area. It is widely applied for polishing and
surface cleaning as well as for coating and thin film production. Some of its chemi-
cal aspects will be treated in Chap.5.1.

2.6 Defects and Radiation Damage

The most important action of energetic ions upon materials is the radiation damage
leading to the production of fragments and defects. Since the former are only im-
portant in the gas phase and in covalent compounds, we shall cover them in Chap.
5.1. In this section only the defects produced in solids will be considered.

The formation of defects may be either the desired effect of a bombardment or
only the undesirable by-product of an implantation. In both cases some knowledge
about the structure and behavior of defects is advantageous.
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2.6.1 The Creation of Point Defects at Low Temperature

We mentioned above the collision cascade producing displaced atoms in a solid tar-
get. If we consider a single collision event in a crystalline solid, we can see that this
displacement of atoms leads to the preferential formation of point defects. The most
important types of point defects are:

a single vacancy (one atom or ion is missing),

a single interstitial (an additional atom),

a vacancy-interstitial pair (Frenkel pair).

In addition to these defects di-vacancies, agglomerations of interstitials and extended
clusters of point defects are well known.

If one calculates the energy necessary for the formation of point defects, one
ends up with typical values of 0.5 — 5 V39, Looking at ion implantation in prac-
tice, the situation is quite different. A dynamic situation exists because the bombard-
ed lattice region is not in thermal equilibrium when the displacement occurs. Thus
the threshold energy — the minimum energy required for the formation of a Frenkel
pair — is above 10 &V, It is possible to determine this energy by irradiating the target
with electrons (which only produce point defects) of increasing energy. At the thresh-
old one starts to observe the formation of defects. Since the threshold is not a sharp
step function, the average displacement energy for the formation of a Frenkel pair is
higher. It depends on the mass of the atoms as well as on the binding energies and
the crystallographic orientation. Typical values are 20 eV for Cu, 30 ¢V for Ge and
40 ¢V for Au. Normally a heavy ion transferring its energy to a lattice will cause sev-
eral displacements. The most simple formula to estimate their number is

N = average number of displacements
E, = energy of the heavy ion
N(Eo) _ E20 gdl (Eo > Eq) Eqy = Z:s;a:ge energy required to displace a lattice
I = contains other energy loss mechanisms apart
from displacement

This formula contains the assumption that energy transfer below the threshold for
the displacement of one atom and between the threshold energy for the displace-
ment of one atom and the threshold for the displacement of two atoms takes place
via collisions which do not lead to the formation of point defects.

The expression “displacements per atom” (dpa) is a quantity very often used
for comparing the damage caused by ion bombardment in different targets by differ-
ent types of bombarding particles. In most cases the displacements per atom are nor-
malized to the total number of target atoms or atoms in a certain region of the target.

Empirically the above formula considerably overestimates the average number
of displacements for two reasons:

— acertain number of the Frenkel pairs formed recombine immediately and are
therefore not accessible for experimental investigations. One may define a cer-
tain recombination volume which limits the minimum distance necessary for the
formation of irreversible defects.
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Fig. 12, Displacement spike arising from an energetic ion in a solid

— focusing collisions along close-packed atomic rows and channeling dissipate the
energy more than normal collisions. Fewer displacements per unit energy are
the result. The consequence of both phenomena is that stable vacancies and in-
terstitials have a separation distance of at least several atomic intervals. One
thinks of a vacancy-rich region surrounded by a shell of material rich in inter-
stit3i5alss.6§uch a displacement spike caused by an energetic ion is shown in Fig.
127252,

Another theoretical approach is the so-called “thermal spike” concept. The
spike originates from the local heating of certain lattice regions due to the bombard-
ment. A metal like copper requires only a fraction of eV/atom to raise its tempera-
ture above the melting point. The “melting” of a relatively large region of the target
is thus possible. In practice the experimental results show that uniform melts certain-
ly do not occur. Probably the short duration of ~ 10~ sec of the “high tempera-
ture” state does not allow a statistical treatment as required by the definition of
temperature.

The spontaneous recombination of close pairs of point defects has another im-
portant consequence. As soon as the damaged regions caused by two bombarding
ions overlap, recombination reactions take place. This means that the damage in-
crease with increasing dose approaches a saturation value limiting the maximum ob-
tainable stable defect concentration.

The situation becomes even more complicated going from elements, especially
metals, to compounds. Here in addition to the effects arising from collisions, the

20



Chemical Effects of Ion Bombardment

excitation of electrons leading to ionization or excited states have to be taken into
consideration. All these processes produce either defects or give rise to the breaking
of bonds with subsequent rearrangement of the surroundings of the atom in question.
In ionic crystals, for example, a number of additional point defects are known in
comparison with metals. In alkali halides other than the types already mentioned,
one observes

F-centres = an anion vacancy containing an electron

F'-centres = an anion vacancy containing 2 electrons

F,-centres = two anion vacancies containing 2 electrons

H-centres = aCl, molecule at an anion site or in other words, a-C1° interstitial

bound to a C1™ ion.
Other point defects in ionic crystals are the

V-centres = a cation vacancy bound to one or more holes corresponding to the
charge of the missing cation

Impurity = F, Hor V centres trapped at an impurity cation or anion.

centres

2.6.2 Secondary Processes at Higher Temperatures

The initial damage configuration of ion bombarded materials is only preserved at
liquid He-temperature. Measurements at higher temperatures show the damage con-
figuration being influenced mainly by annealing and diffusion.

Since the majority of all experiments are carried out at room temperature (RT),
one does not know very much about the initial configuration and the recovery be-
havior in the low temperature region. In metals the recovery process is initially due
to the mobility of the primary interstitials. In the region up to 100° K they recom-
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Fig. 13. Recovery curve for W irradiated with fast neutrons (after37))
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bine with close vacarncies. In a second stage they diffuse further and recombine with
more distant vacancies. Another process occurring in the low energy region is the
trapping of interstitials leading to the formation of dumb-bell configurations being
again mobile at higher temperature or the trapping at impurity sites. Finally near
room temperature the vacancies also start to be mobile.

Fig. 13 shows the recovery of neutron-irradiated W as deduced from resistivity
measurements. Irradiations with fast neutrons are within certain limits comparable
to ion bombardments. One observes clearly the different stages I to III which one
finds for most other metals shifted to either lower or higher temperatures.

The interpretation of these stages is still far from being clear. Most authors
regard stage I as being due to recombination of close pairs and trapping of intersti-
tials, stage II as being due to detrapping and clustering of interstitials, and stage I1I
as being due to vacancy migration and trapping3 839 The recovery of compounds
is much more complicated and much less investigated. As compared to elements at
least jonic crystals show some similarities with metals. Here also the bulk of the
point defects seems to anneal at rather low temperatures*® *_ A consequence of
the prompt radiation annealing and thermal annealing of interstitials is the “*diffu-
sion” of interstitials into the bulk of material. Thus a certain percentage of the point
defects, as well as of the implanted atoms, come to rest far beyond the region of the
normal distribution in an area of the lattice which has been only minimally damaged.
This tail of the distribution may in certain cases contain up to 10% of the total bom-
barding particles.

2.6.3 Extended Defects and Precipitations

We have already mentioned clustering occurring during the recovery of irradiated
material. Experimentally one finds interstitial and vacancy clusters, the size of which
increases with temperature. While it is not possible to detect any visible clusters at

~ 100°K by electron microscopy, this is no problem at room tempergture. Neutron-
irradiated Cu, for example, contains clusters from ~v 25 Aup to 175 A in diameler,
the smaller ones being predominantly vacancy clusters, the bigger ones interstitial
types*?.

The large vacancy clusters are called voids. At higher temperatures these voids
may collapse and form loops. These 1oops may be regarded as a special type of dis-
location. Dislocations are present in every non-ideal material and determine its
mechanical properties. The two main types are the edge and the screw dislocations.
Defects are called edge dislocations when one plane of atoms in the lattice is missing
or supernumerary; screw dislocations are formed when a part of the crystal is dis-
placed by an atomic layer. Fig. 14 illustrates the two types of dislocation.

In an ideal situation dislocation lines would penetrate the whole crystal. In real-
ity they mostly extend from one grain boundary to another one or they are *“‘pinned”
by impurities. If the lines form a closed circle inside the crystal, they are called loops.
Summarizing, one may say that dislocations can arise from vacancy clusters as well
as from interstitial clusters due to their “pressure” on the lattice. Very often they are
the final products of an annealing procedure. Dislocations already existing interact
with point defects and impurities acting as traps or sinks.

22



Chemical Effects of Ion Bombardment

Fig. 14. Model of an edge (b) and screw (c) disloca-
tion in a simple cubic lattice®4)

Up to now we have looked only at the effects of the bornbardment and we have
neglected the fate of the implanted atom itself. These atoms may be regarded as im-
purity atoms. During the recovery of the bombarded material they find stable con-
figurations in normal lattice positions as well as in interstitial ones. In a second type
of reaction these impurities trap other interstitials or vacancies or are trapped them-
selves by clusters or dislocations. At higher temperatures most implants in metals end
up as constituents of solutions or alloys. If the percentage of the impurity is high
and exceeds the solubility limit in the host, precipitations of the impurity or of cer-
tain phases take place: for example, in Al bombarded with Cu, CuAl, phases preci-
pitate45), while rare gases in metals form gas bubbles due to the interaction of vacan-
cy clusters with the gas atoms*® . All the effects mentioned in this paragraph are of
immediate importance for materials subjected to neutron or heavy-ion irradiation,
as for example nuclear reactor or fusion reactor constituents.

3 The Experimental Implantation Technique

This chapter deals with methods and equipment used for the production and acceler-
ation of ions, and for the interaction of the ions with the targets. A great number of

review papers and conference proceedings on ion sources and low energy accelerators
provide detailed information for everyone interested in the subject47"49’ 50

The following pages give a short survey without going into details.
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3.1 Ion Accelerators

Every type of machine for the acceleration of heavy ions consists of a source for the
production of ions, installations for a one-stage or multistage acceleration and for
shaping and cleaning the beam, and a target chamber containing the target and the
equipment for the beam diagnostics.

The most important apparatus for ion implantation is the low-energy accelerator
producing ions with energies up to a few hundred keV. The acceleration is performed
in.one stage, the ion source being on high potential and the target section on ground
potential. Sometimes the target is on negative potential, thereby providing a post-
acceleration. In this case the total ion energy is the sum of the preacceleration and
the postacceleration.

One type of accelerator widely in use is the so-called Scandinavian type. Fig. 15
shows schematically the functions and the potential distribution along this machine:
The ions from the source are extracted through a round aperture by means of an
extracting electrode on a lower potential than the ion source. The focusing is done
with the extraction electrode and another electrostatic or quadrupole lense. The
centre part of the apparatus is a magnet for cleaning the ion beam by isotope separa-
tion. There are different types of magnets on the market ranging from 30° up to
180°. Depending on the quality of the magnet, one may achieve a separation in a
way that the contamination from a neighboring mass isless than 1 %. After separa-
tion the beam enters the target chamber with the diagnostic elements and the target
holder (see below).

Another type of low-energy accelerator is the Harwell machine developed by
H. Freeman. The main difference between it and the Scandinavian machine lies in
the extraction geometry. The ion source has an exit slit instead of an exit hole. This
allows much higher ion currents. Unfortunately, focusing with lenses is difficult in
this case because of space charge limitations. Therefore, the shaping of the beam of
the Harwell separator is done with the help of the fringing field of the magnet and
ajustable pole faces at the entrance and the exit.

< 20-100 kv > JO0-60KY okv 5 < +60-0--60kV -
3\Ion source Extraction lens Separating magnet
hELINLEE 2 2 ) 1

| ——J D Target chamber
‘ e Screen
P \\
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Fig. 15. Schematic representation of a low-energy Pump
accelerator showing the potential distribution Beam Torget
along the machine scanner holder
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If energies above = 1 MeV are desired, one has to use other types of accelerators,
for example the ones in use for research in the field of atomic physics and nuclear
physics. The van de Graff and the linear accelerators with multistage acceleration
are especially popular. For a description of their function the reader should consult
the literature on applied physics and particle accelerators.

To summarize, one may use the Scandinavian type accelerator for the production
of ions of all elements with energies up to a few hundred keV and intensities of
S10pA(6 x 1013 ions/sec) or the Harwell type for intensities of <100 A
(6 x 10 ions/sec). There are also a number of other constructions which differ to some
extent from the types mentioned. Multistage accelerators, for instance, deliver ions
with energies up to 10 MeV/A (MeV/nucleon) with intensities < 103 jons/sec.

3.2 Ion Sources

Until now we have not mentioned in detail the function of the ion source of an ac-
celerator. There are numerous types of ion sources but only a small number is

listed in this chapter. Most sources have in common that the element in question
enters the source in gaseous form and is extracted from a hole or slit in the source
by means of a potential difference. The “normal” electron impact sources known
from mass spectrometers are inconvenient for ion accelerators because their ioniza-
tion efficiency is too low (typically 10”2 %). The most important sources in use are:

3.2.1 The Radio-frequency Source

In this source the gas inside a tube is ionized by radio-frequency (= 100 Watts, 10—
100 MHz). A magnetic field concentrates the discharge on the extraction region. The
extraction takes place due to a potential difference between the discharge and the
beam extractor. The source works very conveniently for gases. For some applications
it has the drawback that the energy spread of the ions produced is larger compared
with other sources.

3.2.2 The Duoplasmatron

The ionization is achieved by a discharge between a cathode and an anode in which
an exit hole is drilled. An intermediate electrode confines the discharge to a small
region. The plasma extends through the anode aperture and the ions are extracted
from the plasma surface by means of an extraction electrode.

3.2.3 The Surface-ionization Source

The operation principle of this source is very simple. When a beam of vaporized
metal hits a hot surface such as Ta, W, Ir, the metal atoms are ionized due to an inter-
action with the surface. This may take place in a tube consisting of the ionizing metal.
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An acceleration electrode extracts the ions from the end of the tube. The ionization
efficiency 7 is given by the Saha-Langmuir formula® b,

w = statistical weight ratio of atoms/ions adsorbed
1. 1+ - eled—@)/kT] fat t‘he s"urface .
n I = ijonization potential

¢ = work function of the ionizer

Typical values for a substrate temperature of 2000°K are:

n ~ 100 % for Cs, Rb, K
n= 50% for Na, Ba
n~ 1— 10% for Sr, In, Al, Ga

Thus surface ionization is a superior method for a restricted number of elements.

3.2.4 The Scandinavian (Nielsen) Source

The source sonsists of an anode cylinder enclosing the discharge region and a
filament for the production of electrons which acts as the cathode. A magnetic field
forces the electrons to move radially in order to lengthen their path. The ions are
extracted from the plasma surface which extends through an aperture in the dis-
charge chamber.

A number of sources are modifications or further developments of the Scandi-
navian-type source:

The hollow cathode source in which the plasma is contained inside the cathode (ad-
vantage: very high temperature).

The source developed by Kirchner®? being much smaller than the Nielsen source
and containing an intermediate grid, a modification which causes very low contami-
nation from neighbouring masses.

The Harwell source having a rectangular extraction geometry and an axial arrange-
ment of the filament near the outlet slit.

All these sources allow the production of ions of nearly all elements with efficiencies
between = 1 and 50 %.

Magnetic field B —
fon beam

Filament Anode E
h

Fig. 16. Schematic view of a Nielsen source3?)
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3.2.5 Methods for the Evaporation of Solid Materials

Most ion sources are fed with gaseous material. Thus, the initially solid material has
to be vaporized before entering the ionization region. In most cases this may easily
be done by using an oven directly coupled to the gas inlet of the source. Difficulties
arise from elements with very high melting points such as, for example, platinum
metals, or with sources having a low working temperature, where a condensation of
the material inside the source may take place. There are different techniques to over-
come these problems.

The temperature in a Scandinavian source is, for example, around 1000°C. If
this is not enough for certain elements, one may use a hollow cathode source which
operates at 1500 — 2000°C or even a special high-temperature source using electron
bombardment for the vaporization of the material. In that way one may achieve
temperatures as high as 3000° C3%).

Another possibility is the sputter ion source. Here inside the source gaseous ions
are accelerated to the reflector electrode containing an insert made of the element
to be vaporized. Due to the sputtering effect, the material evaporates and is convert-
ed into ions. This technique is universal and applicable for all elements. Fig. 17 shows
a sketch of a sputter source5%,

If one does not have the possibility of using different sources for different ele-
ments, one may feed the source with compounds more volatile than the elements.
Chlorides, fluorides, and oxides, in particular, are useful feed materials. Unfortunate-
ly, some compounds, which are otherwise suitable, tend to undergo thermal decom-
position in the source and therefore have to be eliminated. Others, such as some
chlorides, are extremely sensitive to water and hence converted under normal experi-
mental conditions into their non-volatile oxides. To overcome this difficulty, the
CCly method was developed. With it the desired element is stored as an oxide ina
rather hot zone near the inlet of the ion source. By passing CCl, over the oxide an
“in situ” chlorination takes place and the resulting chloride is immediately swept in-

Intermediate Reflector
Cathode electrode Anode electrode Extractor

Reflector-
insert Fig. 17. Duopigatron ion source with

reflector electrode insert for sputtering
2 the desired element into the ionization
Axial magnetic field region

27



G. K. Wolf

to the discharge chamber®®. I one uses compounds as source material, the forma-
tion of a considerable fraction of molecular ions has to be taken into account, thus
complicating the mass spectrum and the formation of clean beams of distinct ions.

A compilation of evaporation methods for the different elements has been pub-
lished by Freeman and Sidenius®”* 58).

3.3 Target Techniques

Techniques for handling the targets inside the accelerator and for observing the beam
and the dose received by the target are mentioned under this heading. A comprehen-
sive description is available in*”_ The problems connected with the interaction of
ion beams with gases will be treated in Sect.4.4.2.

3.3.1 The Mounting of Solid Targets

There exist numerous constructions, but two types are mainly in use: In one case
10 — 20 targets are mounted on a metal disc which may be rotated in a such way
that every target is hit by the beam continuously or batchwise. Thus one gets either
a greater number of targets with the same irradiation energy and dose or each target
with different dose and energy values. The disc may be connected via a copper rod,
fed through the walls of the target chamber to a container with liquid nitrogen for
cooling the targets or a heater for high temperature irradiations. In the second case
the targets are mounted on a roundabout which allows horizontal movement and the
same irradiation cycles as the disc. Fig. 18 shows a disc target holder.

For certain experiments an alignment of the target with respect to the beam
axis is indispensable, in particular for sputtering as a function of angle measurements
or channeling investigations with single crystals. For that purpose several gonio-
meters have been designed and some are on the market which one may operate inside
the vacuum chamber. For further details the reader should consult books on chanel-
ing®® 47 While the mounting of metal targets causes no problems, chemical com-
pounds require some treatment. Either crystals or powders pressed into pellets have
to be used. Sometimes these targets are very briitle, then it may be favorable to press
the powder into metal crucibles. Commercially available presses used for IR spec-
troscopy are convenient tools.

3.3.2 Uniform Beams and Profiles

For a number of applications one needs a rather uniform distribution of the implant-
ed ions over the target area. This may be achieved by electrostatically sweeping the
ion beam over the target. An even better method is the mounting of the target on
movable frames or rotating discs. The continuous movement of the target in two
directions leads to a uniform coverage despite the fact that the beam has a gaussian
distribution in the X and Y direction.
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Fig. 18. Target holder for operation at liquid N, temperatures. The targets are mounted on a
rotating disc.

Another problem is the shaping of the beam profile below the surface of the
target. We have already mentioned the methods of sputtering and of implanting a
sample with different energies. Besides these methods, one has the possibility of
bombarding rotating target rods. In this way the beam hits the target under continu-
ously changing angles and the depth distribution is relatively uniform from the sur-
face to the mean range. Fig. 19 shows a rotating target6°).

To achieve a very low penetration depth, for example for the production of
thin films or surface layers, the application of a retarding potential is helpful. A volt-
age of + 39 kV at the target and an acceleration voltage of + 40 kV results in a beam
energy at the target surface of 1 keV and correspondingly a very small range.

3.3.3 Target Temperature

The ion beams generally in use may cause a considerable heating of the target. If
one wants to bombard under controlled temperature conditions, one has to have a
feeling for the extent of this heating. A beam with an energy of 100 keV and an in-
tensity of 1 uA/cm? (6 x 10'? ions/cm?/sec) corresponds to 0.1 watt of power.
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Assuming only a radiative heat loss, calculations for sit? give a target tempera-
ture of 50 — 100°C. Cooling of the target with liquid nitrogen lowers the temperature
by & 50°C. In practice, these are upper values because of the contribution of heat
conduction. This effect is naturally more important for metals than for insulators. In
general, if one uses high beam current densities, one has to take care of effective cool-
ing, good heat contact or dissipation of the beam energy by means of defocusing or
target movement.

3.3.4 Beam Diagnosis

During an implantation experiment one needs information on the beam profile, the
focusing and the beam current or the dose received by the target. The beam profile
and shape may be made visible with a screen. The most simple construction is a metal
plate covered with KBr. A more elaborate system is a profile grid with an oscillo-
scope display. On the oscilloscope one sees the intensity distribution of the beam in
the X and Y direction. The most convenient apparatus for low energy accelerators is
a beam scanner. A needle moves perpendicularly to the beam direction and the cur-
rent is displayed on an oscilloscope as a function of the position of the needle. The
display gives information on the beam shape and on the neighbouring masses. Thus
it is possible to control the focus as well as the quality of the mass separation. By
using two needles moving in the X and Y direction one gets a complete picture of the
beam.

Fig. 20 shows a display of a separated tin beam.
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The measurement of the beam current hitting the target is in principle not dif-
ficult. If the target is a metal, one measures the current directly on the target. Inte-
grated it gives the total dose®® . Since a target hit by a beam emits secondary elec-
trons, one has to correct the measured values. Either the target has to be mounted
directly inside a Faraday cup or the target current has to be compared with measure-
ments of a separate Faraday cup which one has to move occasionally into the beam
instead of the target. The same technique may be employed during the bombardment
of insulators. Here a direct precise measurement is impossible because of the target
being charged by the beam. Thick insulators are sometimes charged to such an ex-
tent that the incoming beam itself is defocused or deflected. In those cases one either
has to cover the target with a conducting thin film or a grid or to bombard it with
electrons from a hot filament in order to neutralize the target surface.

4 The Analysis of Irradiation Effects and Products

In analysing targets bombarded with ions one is as much interested in the defect
structure of the target as in the physical and chemical state of the implanted ions
and their spatial distribution. In this chapter a survey of the most important methods
of analysis is given with special emphasis on the techniques useful for chemical inves-
tigations.

4.1 The Analysis of the Defect Structure of Ion-Bombarded Targets

4.1.1 Microscopy

Electron microscopy is one of the most powerful methods for studying the damage
structure of irradiated materials. Its limitation lies in the observable size of the de-
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fects. While it is not possible to observe point defects, all types of extended defects
with a diameter of = 20 A may be made visible. Therefore, this method is used main-
ly for the investigation of the size and density of clusters in metals as voids, disloca-
tions and grain boundaries. Impurity clusters in the form of precipitations of insol-
uble elements or new phases may also be studied®®.

Finally, changes in the surface topography of targets caused by sputtering are
easily observed.

4.1.2 lon Backscattering

Fast ions interacting with a solid surface may undergo a backscattering process. They
leave the target in a backward direction, with an energy depending on their initial
energy, the mass of the scattering target atoms and the depth of the scattering centre
below the target surface. Usually a beam of a-particles or protons of 1 — 2 MeV
energy is used, the target is mounted on a goniometer, and the scattered particles

are analysed by means of a solid state detector.

As a result one gets the intensity of the backscattered particles as a function of
their energy. By applying the formula for the energy loss of ions in matter one con-
verts this into a “depth below the surface scale” for a homogerieous target. If the
target contains more than one element, the situation is more complicated because of
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the difference in energy loss caused by target atoms of different mass (Sects.4.2.1
and 4.3.1). '

With this method one is able to look to a depth of a few thousand Angstroms
into the material. Therefore, it is very weéll suited to yield information on the im-
plantation process. The principle of studying damage is the following: A single crys-
tal of the material in question is exposed to the a-particle beam in arbitrary orienta-
tion. Afterwards, the crystal is oriented to the beam axis in such a way that the
a-particles are able to travel along channelsin the crystal (channeling). In the first case,
one gets a random backscattering spectrum, in the second one an aligned spectrum.
The intensity of the backscattered o-particles as a function of the depth is much
smaller in the latter case because the a-particles penetrate deeper into the crystal.
Radiation damage now causes deviations from the ideal crystal structure, the number
of available channels decreases, and due to interstitial atoms acting as additional
scattering centres, the o-particle intensity becomes higher compared with the un-
damaged crystal. Fig. 21 illustrates this method. It shows the situation for undoped
crystals in comparison with ones implanted with a high dose of ions. The peak con-
tains the region damaged by the bombardment but the region below (low channel
number) is not damaged and exhibits channeling. At a still higher dose the “damage
peak” may reach the random spectrum, indicating that the damaged region is almost
amorphous. The area under the damage peak is proportional to the number of dis-.
placed atoms. Further information on this method is given below and in numerous

other articles®” ~ 69,

4.1.3 ESR and Optical Spectroscopy

There are a number of spectroscopic methods for the investigation of defects in
materials. In principle, one is able to apply all of them to the effects caused by ion
bombardment. But since the penetration depth of the ions is only a small fraction
of the total crystal, one has to take care that the effect of interest is intense enough
in comparison with the background.

ESR or EPR belong to the techniques most frequently used. With them one is
able to identify even rather low concentrations of defects. Typical ESR signals cor-
respond to certain types of damage and one may follow the variation of the signal as
a function of dose or annealing temperature. Many studies concerning the transition
of the crystalline to the amorphous state have been performed with silicon in partic-
ular™ ~ 72 ESR is also a useful method for the identification of radicals in com-
pounds. Problems arise mostly if one tries to attribute a certain signal to a well-de-
fined type of defect.

Optical spectroscopy is another common method for the detection of defects
especially in chemical compounds. The F, H, V centres, well known in ionic crystals,
are easy to detect optica11y73). Because of the very low penetration depth of the
bombarding ions the optical techniques have to be modified for implantation studies
in the direction of reflection spectroscopy“). Finally, Raman scattering has proved
to be of value for studying lattice disorder induced by ion bormbardment in various
materials”> ~ 77,
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4.1.4 X-ray Diffraction and Mossbauer Spectroscopy

Using X-ray diffraction general radiation damage is easily observable. In the special
case of ion implantation the small penetration compared with the total thickness of
the target causes problems. One either has to use the technique of thin layer X-ray
diffraction where the information depth is < 10* A or to restrict the investigation
to ion-bombarded thin films.

The Mdssbauer effect is also capable of yielding information about radiation
damage. Here it is not possible to measure the damage directly but only the surround-
ing of an implanted Mossbauer isotope as 3'Co/*"Fe, 83Kr or '*3Xe/"*3Cs. Thus, the
implanted ions act as probe for the formation and variation of the defect structure,
The hyperfine interaction of the implanted atoms and the Méssbauer recoil less frac-
tion in particular depend on the presence of defects. In 78) several suitable systems
are listed.In Sect.4.2.4 a more detailed outline of Mé&ssbauer measurements of bom-
barded targets is presented.

4.1.5 Measurements of Charge Carriers

The point defects created during ion irradiation cause an additional conductivity.
The measurement of the resistivity is, therefore, a direct indication of the presence
and the amount of point defects. This method has yielded important results on
metals and semiconductors. The majority of “recovery™ curves (annealing of point
defects created at liquid He temperature) derives from resistivity measurements
which are not too difficult to perform over a wide temperature range. Another pos-
sibility for following the recovery of defects created at low temperatures is the
measurement of the release of the energy stored in defects using calorimetric meth-
ods.

Finally, the change in length and volume of a test specimen tells something
about the vacancies or vacancy clusters present (swelling). One will find more infor-
mation on this method in 7%,

4.2 The Location and Chemical State of Implanted Atoms

In addition to the damage configuration of the bombarded target the location of the
implanted atoms in the host and their chemical state is the most interesting question
one would like to have answered. A number of methods, some of them already men-
tioned in the preceding section, yield information on this subject.

4.2.1 lon Backscattering

This technique, which has already been described, may serve with some modifica-
tions for locating foreign atoms in a lattice:

We have seen interstitials causing an increase in the backscattering yield of ions
when a single crystal is oriented in a such way that the particle direction corresponds

34



Chemical Effects of lon Bombardment

N

Impurity

Two-dimensional Crystal

(11) Yields

Fig. 22. A two-dimensional crystal containing impurity atoms (on the right) and the backscattering
signal resulting from tilting the crystal around the (10} and <11) axis30)

to a crystallographic channel. On the other hand, an implanted atom in a substitu-
tional position does not lead to increased backscattering. But one has to be careful
because no increase in backscattering yield does not necessarily mean a substitutional
position but rather a site being shadowed by the normal row of atoms. An exact
analysis of the foreign atom position requires experiments in different orientations.
Fig. 22 shows the situation for a two dimensional model. Position m for example is not
substitutional but shadowed in the {11) direction.

Experiments mostly involve tilting of the crystal around the crystallographic
orientation in question and measuring the backscattering yield as a function of the
angle. This directional effect for the implanted sample is compared with an unim-
planted crystal.

Fig. 22, left side, shows as an example an angular scan of the (10) and {11)
direction of our model.

The dip resulting from the implanted sample is shallower compared with that
of the pure sample, indicating a small fraction of the impurity atoms not being shad-
owed. In the (10) direction we get even an increased yield in comparison with the
random orientation, this being a sign for a position almost in the middle of the
channel. Details of this technique and its application may be found in 3V,

4.2.2 Perturbed Angular Correlation (PAC) and Ion-induced X-Rays

Alternative methods for lattice location studies are:
Perturbed angular correlation measurements: The principle relies on the fact
that hyperfine interactions occur between nuclear moments and the electromagnetic
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field of the surrounding charges. The y-quanta emitted in a nuclear cascade very
often show an angular correlation. This correlation is affected by various electronic
environments caused by different ligands in compounds or by different neighboring
positions in solids.

From the perturbation of the angular correlation which one measures with two
v-ray detectors as a function of the angle, one deduces information on the lattice
position of the implanted atom. Similar studies are possible with other methods
based on hyperfine interactions as low-temperature nuclear orientation and Mdss-
bagg;‘ measurements (see below). A short review of these techniques is contained
in®/,

Ton-induced X-rays: The detection of ion backscattering signals from light im-
planted ions is difficult because of the high background from the heavier host atoms.
The alternative is either to use nuclear reactions leading to a selective emission of
particles from light atoms or to record the X-rays emitted as a consequence of the
interaction of the bombarding particles with target atoms. In both cases the yield
of secondary radiation for an aligned single crystal is a function of the channeling
efficiency of the primary beam. That means that implanted atoms in substitutional
or interstitial positions cause the same effects in the case of X-ray emission as in the

one of heavy ion backscattering83’ 84),

4.2.3 Spectroscopic Methods

The classical methods for the analysis of the chemical state of an atom are the spec-
troscopic ones. Therefore, it is natural to consider them for studies of the chemical
state of implanted ions as well. But in contrast to the investigation of radiation
damage caused by the bombarding particles, one has the additional factor of intensi-
ty in the detection of the implanted ions themselves.

Therefore, UV spectroscopy and Raman and IR analysis are restricted to high
dose bombardments where the concentration of the species formed is high enough
to yield useful signals®%> 862 This is mostly the case for irradiations with >10'® —
107 jons/cm?.

ESR spectroscopy, on the other hand, is much more sensitive and may be also
used for the analysis of low-dose irradiation products. It yields details about the de-
fect structure around an impurity atom and the chemical nature of its neighbors.
The only drawback of the method is the difficulty in interpreting the ESR spectra
unambiguously%) .

4.2.4 Mossbauer Spectroscopy

The technique of Mdssbauer spectroscopy is especially suited to chemical studies of
implanted ions. The great amount of reference material allows in most cases rather
detailed statements on the chemical bonding of an element implanted in compounds.
The implantation dose necessary for Mossbauer spectra is not too high. That means
that the lattice order is normally preserved.

36



Chemical Effects of Ion Bombardment

On the other hand, Méssbauer spectroscopy is not a universal method, but re-
stricted to the elements for which suitable Mossbauer nuclides exist. In the conven-
tional type of experimental arrangement a standard radiation source, 3'Co/*"Fe for
example, is used, and the solid of interest serves as an absorber. The energy differ-
ence between emitted and absorbed radiation is measured using the Doppler shift
method. From the resulting spectra one extracts knowledge about the electron den-
sity around the Mdssbauer nucleus, and the symmetry and the electron distribution
of the ligands®”’ 88) This type of experiment is not appropriate for the investigation
of ion-bombarded samples because it requires milligram quantities of the compound
under study.

Another possibility is emission spectroscopy. Here the sample under study
serves as a source and is measured against a standard absorber. Applying this method
to ion implantation naturally requires the bombardment of the sample with radio-
active ions. From such radioactive implanted hosts as Mdssbauer sources one may
learn something about the defect structure as well as about the lattice location and
the chemical state of the implanted element™. In the first case, already mentioned
in the preceding section, the implanted ion serves only as a probe for monitoring the
surrounding defect; in the second case the question of its substitutional or intersti-
tial position is deduced from the symmetry of the immediate surroundings. Finally,
the Mdssbauer spectrum tells us the oxidation state and the bonding conditions.

Very interesting results may be obtained with a Mossbauer spectrometer run
directly on-line with an ion implanter®® 90),

This arrangement allows bombardments at liquid He temperatures with subse-
quent measurements without change of temperature or time-consuming target trans-
port. This is very important because very often the majority of the annealing steps
take place below room temperature. Fig. 23 shows a set-up89) consisting of the target
chamber of the accelerator, the liquid He cryostat with the Mdssbauer source being
simultaneously the implanted target, the Mossbauer drive and the reference absorber.
The lowest temperature achieved during implantation is 15° K.

Emission spectroscopy has some serious drawbacks:

The implantation of millicurie quantities of radioactive elements is only possible
in “hot laboratories”. If the radionuclides are long-lived, such as >’Co with a half-
life of 270 d, one contaminates the accelerator for years.

The Mossbauer emission spectrum reproduces two effects: the situation of the
implanted atom in the host and the so-called after-effect. The latter expression
means that, for example, in the case of *’Co having been implanted, we first get the
radioactive decay of >’Co $ 3'Fe and then the Mdssbauer transition to the ’Fe
ground state. The electron capture or f-decay itself very often causes a perturbation
of the environment of the isotope in question®”. Thus some knowledge about the
pure after-effect is needed for the interpretation of the spectra of implanted samples.

Recently a new technique has come into use which avoids radioactivity as well
as after-effects: conversion electron spectroscopy®>’ %3 This method uses the fact
that in most Méssbauer transitions not only y-rays but also conversion electrons are
emitted. In the case of *’Co the electron conversion is the major decay mode. Thus,
instead of measuring the y-rays, absorbed or “reflected” from an absorber, one
measures the emission of electrons from the absorber as a function of the velocity

37



G. K. Wolf

Fig. 23. A Mossbauer spectrometer coupled to an ion implanter. 1 = transducer, 2 = absorber
3 = source, 4 = He flow cryostat. The beam comes from the right, the detector is situated at the
left

of a standard source (Doppler effect). Since the depth from which the electrons are
emitted without self-absorption lies exactly in the range of the penetration depth
of the bombarding ions, the method is sensitive to the state of the implanted region
without any interference from the unimplanted layers further below the surface.
The possibility of measuring conversion electrons from the K and the L shell inde-
pendently allows getting information about different layers below the surface be-
cause of the difference in energy and, correspondingly, in range between K and L
electrons.

4.2.5 Chemical Analysis

In addition to the physical methods mentioned above there exist chemical analysis
techniques well known from the field of hot-atom chemistry®* ~ %) The applica-
tion of these techniques to ion-bombarded samples requires the implantation of
radioactive ions. The principle of the method is the following:

The irradiated samples are usually dissolved in a suitable organic or inorganic
solvent. Afterwards selective precipitation, solvent extraction, ion exchange or
chromatographic procedures take place. By counting the radioactivity one is able
to localize the fractions containing the implanted atoms and their reactions products.
Very often macroscopic amounts of the reaction products expected have to be intro-
duced into the solvent beforehand to permit an exact separation. A typical example
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is the famous experiment of Szilard and Chalmers®” who found that energetic radio-
active recoiling iodine atoms produced and stowed down in ethyl iodide are partly
extractable with organic solvents and partly with aqueous solutions. From these
findings one may draw the conclusion that the recoiling iodine is partly bound to
organic residues (mainly C,H,) and partly present as “inorganic” I . A comparable
procedure is the evaporation of the bombarded sample or the resulting products.
Radioactivity in the volatile fraction or in the residue tells something about the vol-
atility and vapor pressure of a chemical compound formed from the implanted atom
and the target atoms or molecules®® 9.

The advantage of this type of analysis is the great number of separation and
identification methods available by using numerous procedures from analytical
chemistry. Unfortunately, it is a destructive method and the products alter because
of the high probability of reactions taking place with the solvent during dissolution.
Thus the results one gets are only indirect ones and allow conclusions about the
conditions in the solid only to a certain limit.

4.3 The Analysis of Surfaces and Profiles

Knowledge of the composition of the immediate surface of ion-bombarded samples

is of interest for various reasons:

— the sputtering effect might change the composition of the surface,

— the equilibrium between sputtering and implantation limits the maximum con-
centration of ions implantable in every system,

— radiation enhanced and thermally induced diffusion leads to an increase or de-
crease of the bombarding particles on the surface relative to the region below
the surface,

— ion-bombarded surfaces are very reactive. Frequently one wants to know the
oxygen, nitrogen and carbon content of the surface,

— finally, every surface analysis technique allows, together with the removal of
thin layers, the determination of the depth distribution of the implanted impuri-
ties.

In this section the most important surface analysis methods which are effective
to a depth of £ 50 A are mentioned. They are based either on the interaction of
ions with surface layers, the ejection and analysis of electrons from the surface, or
the investigation of secondary ions.

4.3.1 The Interaction of lons with Surface Layers

The basic technique has already been mentioned in preceding sections. The a- or
proton-backscattering method has to be modified so that the recording of light
surface impurities such as oxygen or nitrogen on a heavy target is allowed. Normally
the light element peaks in the backscattering spectrum are hidden by the heavy ele-
ment peaks. The situation is much better if one uses thin films of a substrate on a
light element backing. Under these conditions N, C and O are also detectable. An-
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other method for improving the resolution for the surface region is the glancing-in-
cidence method. Here the incoming beam hits the target at an angle of > 170° and
penetrates only into the surface layers of the sample. This method is certainly more
sensitive to the surface composition than normal backscattering measurements.
Finally, channeling of the particles along an aligned single crystal depresses the

yield from the bulk atoms and enhances the yield from the disordered surface
atoms 190, 101, 83)

Instead of pafticles backscattering from the target one may also use particles
ejected during nuclear reactions for the surface analysis. The advantage is that the
nuclear reaction is specific for certain light elements:

For example: C (d, p) for Carbon

160 (d,

P) for Oxygen
0 (p, @

b

The deuteron or proton beam induces the nuclear reaction and the energy of
the outcoming protons or a-particles depends on the depth and concentration of the
impurity. These particles may be distinguished from elastically-scattered primary
particles due to their energyss).

The analysis of ion-induced X-rays is based on the same principle. The incoming
particles generate characteristic X-rays and their analysis allows the evaluation of
concentrations of certain elements. The sampling depth is > 100 A. Therefore, it is
not really a method for shallow surface layersm’ 103) On the other hand, since the
cross section for the generation of soft X-rays is rather high, this can be used for
analysing layers nearer to the surface'®¥,

4.3.2 The Ejection and Analysis of Electrons from the Surface

During bombardment of solids with electrons or X-rays secondary electrons from
the target atoms are excited and partly ejected. The ejection of K and L electrons is
followed by a reordering process which leads to the emission of X-rays or Auger
electrons from outer shells. _

The analysis of the electrons is done according to energy and intensity. Small
shifts in the energy give information about the chemical bonds, but the interpreta-
tion of the results is difficult. The main use is therefore the investigation of the com-
position of the surface of samples, this being possible by means of comparison with
standards of known composition. The method of analysing the K or L electrons is
known as ESCA (Electron Spectroscopy for Chemical Analysis)“’s). The sampling
depth is 30 — 100 A depending on the element. More specific for the immediate sur-
face is the method of Auger spectroscopy, analysing the Auger electrons. Due to
their lower energy the sampling depth is only 5 — 20 A83: 106,107,

4.3.3 The Ejection and Analysis of Ions from the Surface

Due to the sputtering process an incoming ion beam ejects secondary atoms and
ions from the surface. The secondary ions may be analysed by means of a mass spec-
trometer (SIMS).
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The mass spectrometer gives a picture of the surface composition. It is sensitive
for hydrogen as well as for uranium. There are two modes of operation: in the first
case one works with a primary beam of very low intensity in order to avoid changing
the surface composition extensively. This then gives spectra of the first few layers of
the sample. In the second case, one erodes the sample to a greater extent in order to
get spectra of a layer of 100 — 1000 A below the surface.

Quantitative analysis is not easily achieved for various reasons:

— sputtering of surface contaminants (hydrocarbons from the pumps),

— the relative percentage of ions compared to atoms is quite low and varies from
element to element,

— during the sputtering process the composition of the surface of the sample
changes very often due to preferential sputtering of certain elements.

Some of these difficulties may be overcome by employing comparative well-pre-

characterized standards. Nowadays SIMS has developed to an important technique

in surface analysis'®® ~ 1)

4.3.4 The Measurement of Concentration Profiles

Very often the knowledge of the composition of the surface or of the bulk of a
specimen is not enough, because one is interested in the concentration of a certain
element, the implanted atom for example, as a function of the depth below the sur-
face.
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Fig. 24. a-backscattering spectrum from steel implanted with Pb+ 1 12)
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There exist two types of techniques, a non-destructive and a destructive one:

a. The Non-destructive Method''V). The backscattering technigue is the most
important method for non-destructive measurements. The energy of the backscat-
tered particle tells us something about the mass of the scattering centre (impurity)
as well as the depth. With help of the stopping power formulas the backscattering
spectrum may be transformed into a relationship between concentration and depth
for a distinct element. In that way it is no problem to evaluate the range profile of
implanted ions having a higher mass than the target. Fig. 24 shows as an example a
spectrum of lead in stainless steel.

The lead peak on the high-energy side of the spectrum reflects the lead profile
in the steel sample. For light elements range profiles are only measurable in single
crystals with the help of the channeling effect or in polycrystalline material using
specific nuclear resonance reactions (see preceding section). Another possibility for
single crystals offers the measurement of the yield of ion-induced X-rays excited by
channeled energetic ions®®.

b. The Destructive Method'°%> 'V, The majority of methods for achieving range
profiles are based on a combination of sectioning of the sample and analysis of the
change in the surface composition. The removal of thin layers of only a few A thick-
ness is not easy.

The techniques mostly used are:

Chemical or electrolytic dissolution. The disadvantage of this method is the non-
uniform removal of the target layers. Different crystallographic faces, local
structures and small regions with different electrolytical behavior dissolve at dif-
ferent rates.

Anodic oxidation. The specimen is anodized to a certain extent controlled by
current potential conditions. Then the anodized layer is removed chemically or
mechanically.

Sputtering. Theoretically the sputter removal of very thin layers under control-
led conditions is possible with any element. In practice, there arise problems
because of the dependency of the sputtering yield on the crystal structure, the
orientation of the specimen and the change in composition due to preferential
sputtering. The sputtering method is very favorable in cases of subsequent re-
moval of material and analysis of the composition in the same vacuum system.

For the analysis of the new surface after every removal one may use all the sur-
face techniques already mentioned in Sect.4.3.1 as long as their information depth
does not exceed the thickness of the layer removed: Auger and ESCA-spectroscopy,
secondary-ion mass spectrometry (SIMS), backscattering; ion-induced X-ray and
nuclear reaction analysis. In addition, one may investigate the content of the element
of interest in the removed layer. Because of the low absolute concentration of im-
planted ions most of the standard methods of analysis fail. The best results come
from implantations of radioactive elements followed by measuring the radioactivity
of the dissolved removed layer.
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4.4 Special Methods

4.4.1 The Microprobe

It is often necessary to know not only the composition of a sample but the variation
in composition along the x and y direction as well. For this purpose one needs a well-
focused analysing beam which is scanned across the surface of the specimen. This so-
called microprobe utilizes either an electron or an ion beam to create X-rays or
secondary ions measured in the way already mentioned in Sect. 4.3.3. The lateral
resolution of the system is typically in the order of 1 um, the sampling depth from
10 A to some um®¥.

4.4.2 The Detection of Gaseous Implantation Products

During ion bombardment gaseous reaction products may be formed on or below
the surface of a sample. The reason may be a catalytic reaction involving impurities
absorbed at the surface or the interaction of implanted atoms with each other or
with target constituents.
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study of products released
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For example:  x - ct+ y: 5 C Hy;
x-H + y * FeC (Target) > C,H, in FeC

By sputtering or heating of the sample these reaction products may evaporate
into the gas phase. During this process decomposition induced by thermal reactions
or the sputtering beam may take place, but this is by no means always the case.
Even rather complicated molecules may leave the target without decomposition.

A suitable method for recording the atoms or molecules released is mass spectro-
scopy. Mass spectroscopy is extremely sensitive to the release of ions, less sensitive
to neutrals because of the ionization efficiency (typically 0.01%) of the ion source
of the spectrometer.

Such studies are possible with a SIMS spectrometer or a similar arrangement.
Fig. 25 shows the set-up used in our laboratories®® '3 It consists of an ion accele-
rator and a target subjected to ion bombardment in order to implant ions or sputter
the surface. The gaseous products are removed from the surface by sputtering or
heating and the resulting ions are guided by an octupole to a quadrupole mass spec-
trometer prior to analysis. Besides this the interaction of atoms with a gas in the
reaction chamber may be studied. The arrangement allows the identification of
gaseous reaction products, the recording of release curves (gas release against temper-
ature), and the measurement of depth profiles for gaseous atoms or molecules inside
the target.

4.4.3 Methods and Equipment for Corrosion Studies

One of the most important “chemical” applications of ion beams is their use in
corrosion science (see below). In investigations in this field one usually wants to
know either the composition and thickness of oxide films or the electrochemical
behavior of corroding samples (agueous corrosion).

In the first case one may measure the weight gain of a specimen during oxida-
tion. Unfortunately, this is a very time-consuming method (months to years). An-
other possibility is the analysis of the oxide by means of the methods mentioned in
Sect.4.2"¥  a-backscattering, nuclear resonance reactions, Auger spectroscopy and
ESCA in particular have been used (Chap. 6.1).

The study of aqueous corrosion of ion-bombarded samples requires electro-
chemical equipment. The basic technique is the measurement of potentiostatic
current-potential relations. A more elaborate set-up allows potentiostatic and galva-
nostatic measurements and also investigations with very short current pulses. Fig. 26
shows a schematic lay-out of a rather universal arrangement“s).

The sample studied is the working electrode AE immersed in an electrolyte.
Either one applies a defined potential to the system and records the current or one
defines a current and measures the resulting potential. The current-potential curves
give information about the mechanism of corrosion, the corrosion rate, the hydro-
gen-evolution process and the formation of passivating surface layers depending on
the pH and nature of the corrosion system (metal and electrolyte) and the potential
or current range applied. In addition, one may learn something about the interface

solid/liquid from the variation of the current density with time at fixed poten-
ﬁalsllG — 118)'

44



Chemical Effects of Ion Bombardment

} 10 1 2 11 l
x-t/ cutren |
° A |
O ]
- |
|
Edl B |
10 « |
9 > :
i oE (BE | |7

._l -~
] t

o mA §

mV 5

Fig. 26. Scheme of a set-up for measuring current-potential relationships.

1 = potentiostat, 2 = plotter regulation, 3 = digital voltmeter, 4 = oscilloscope, 5 = voltage regu-
lation, 6 = galvanostat, 7 = electrolytic cell containing the working electrode AE, the reference
electrode BE and the counter electrode GE, 8 = integrator, 9 = log. converter, 10 = plotter

4.5 Summary of the Procedures Most Important for Chemical Studies

The following table contains the methods which are particularly useful for the
chemist studying the consequences of ion bombardment. In most cases one is inter-

Table 3. Procedures for the investigation of the chemical consequences of ion bombardment

Problem

Analytical procedure

Surface Composition

Chemical reactivity

Electrochemical reactivity
Bulk Radiation damage
Lattice location. State of imme-

diate surroundings of implant

Chemical state of implant

Auger-, ESCA-spectroscopy, lon-beam
analysis

Standard chemical surface techniques
Current-potential relationship

[on-beam analysis, Optical spectroscopy,
Xrays, Electron-spin resonance

Mdossbauer spectroscopy, Electron-spin
resonance, lon-beam analysis

Maossbauer spectroscopy, Dissolution
and analytical treatment, Electron-spin
resonance
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ested in the chemical state and the immediate surroundings of the implanted ion or
the over all damage of the target. In addition, the surface composition or the chemi-
cal or electrochemical reactivity of the surface might be of interest.

An ideal combination is Mossbauer spectrometry, a surface analysis technique
(Auger or ESCA) and the possibility of measuring back-scattering spectra.

5 Chemistry of Ion-bombarded Solids

In this chapter studies of the effects of ion bombardment on solids, especially com-
pounds, will be reviewed. The first section is concerned with the radiation effects
induced by energetic ions, the second with the chemical state and the reactions of
the implanted ions themselves.

5.1 Radiation Chemistry of Solids Irradiated with Heavy lons

While a lot of work has been done with heavy-ion induced radiation damage in
metals and semiconductors, very little has been done on compounds, especially on
covalent ones. In the following section we shall try to cover the most important
work on the radiation chemistry of compounds. In the section on metals only a few
selected examples will be mentioned. In the last part of this chapter we shall deal
with changes in the composition of surfaces due to sputtering of compounds.

5.1.1 Radiation Damage in Compounds

Contrary to metals where radiation damage is only due to the displacement of atoms,
in compounds radiation effects involving the electrons of the target also have to be
taken into account. That means that the electronic stopping power plays an impor-
tant role. In ionic crystals electronic processes lead to the formation of “centres” as
vacancies containing electrons or oxidized and reduced species in lattice or intersti-
tial positions. In covalent compounds the rupture of bonds is the dominating process.
Since energy transfer is a significant parameter in these cases the effective interaction
radius of an implanted ion might be larger than the region of the displacement cas-
cade.

The number of displacements (N) from the nuclear interaction may be estimated
using the formula

N=2—El{:% (B, >Ed) o

pr = energy of the primary particle
Ed = minimum displacement energy

For Al, O, (irradiated with 100 keV Pb™), for example, the estimation yields a
dose of 7 x 1013 ions/cm? for displacing every atom in the lattice once. The result
should be an amorphization of the bombarded regton. The comparison with experi-
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mental data shows that > 105 fons/cm? are needed to obtain the transition from

the crystalline to the amorphous state. The main reason for this discrepancy is the
spontaneous recombinations of defects during the irradiation. 100 % nuclear stop-
ping of the Pb* ions was assumed for the above estimate. A different approach would
be the assumption of 100% electronic stopping. Since there exists no experimental
material on relevant heavy-ion reactions, one may make a comparison with experi-
ments on the decomposition of inorganic molecular ions by y-radiation or energetic
electrons*™. The decomposition reactions in this field are characterized by the so-
called G value. This quantity is the number of molecules decomposed, formed or
reacted per 100 eV of energy absorbed. Typical G values for the decomposition of
compounds like inorganic nitrates or sulfates are 0.1 — 1 decompositions/100 eV.
Applying the lower value to the decomposition of Al, O, (which would mean oxygen
formation) one needs again 7 x 10'3 jons/cm? of 100 keV for the process. The signif-
icance of this brain exercise lies in the fact that both approaches give the same result
which at least for the case of the atomic displacement, underestimates the dose nec-
essary for complete decomposition considerably. In practice, for compounds with
small G values (< 0.1), one may therefore estimate the order of magnitude of the
critical dose without taking electronic processes into consideration. Obviousdly accu-
rate values must be found in an experiment. Additionally the number of displace-
ments and their recovery depends very critically on temperature. The temperature
dependence of the electronic processes, on the other hand, should be much less pro-
nounced. Unfortunately, no data on this problem where heavy-ion bombardment

is concerned exists.

If we compare the experimental results mentioned below, we have to take into
consideration that for metals the amorphization of the crystal is of major impor-
tance, while for covalent compounds the formation and rupture of bonds may take
place in the crystalline phase as well as in the amorphous one.

We have already mentioned the case of a-Al, O3 which was studied in detail by
Drigo et al.’?? and Naguib et al.'® with the a-backscattering method. It was shown
that after 40 keV Kr' implantation the damage reaches a saturation level at doses of
10%6 jons/cm?. From electron microscope examinations they guessed that the satu-
ration corresponds to the formation of an amorphous layer. 100 keV Pb* bombard-
ment results in a saturation at = 2 x 10'® ions/cm2. The measured number of dis-
placed Al and O atoms indicates that every lattice atom has at least moved once from
its initial position. Nevertheless, it is not clear whether a completely disordered
region is formed. This is consistent with the findings of a rather high fraction of Pb*
on substitutional positions along the Al rows even at high doses. Another interesting
result arises from the experimental evaluation of the mean values of the displace-
ment energies. They are energy dependent starting with 14 eV for 20 keV implanta-
tions and ending up at 96 €V for 100 keV. These facts indicate the role of the re-
ordering process and of the electronic interaction during the implantation.

Morhange et al.'*? used ESR and Raman spectroscopy for the study of irradiat-
ed diamond. They found a disorder equilibrium at 5 x 10"*N* ions/ecm? of 0.55 MeV
at RT. At 650°C the equilibrium was reached at 5 x 10'’N" jons/cm?. The Raman
scattering experiments indicated a saturation dose near 10% jons/cm?® for 70 keV N*
implantation.
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The compound semiconductors attracted the attention of several workers.
As,Se; and MoS, '*3) were bombarded with 100 keV Ar" at 35°K and the damage
studied with optical absorption spectroscopy and conductivity measurements. It
could be shown that above 102 ions/cm? amorphous zones in As,Se; begin to over-
lap, a process which starts in MoS, at 10™ jons/cm?® and leads to the formation of a
continuous amorphous film at 10" ions/cm?. This is a rare example of a low-temper-
ature experiment with compounds. Heating to RT causes a considerable annealing
and higher temperature leads to recrystallization. Experiments on CdS, have been
reported in some papers. Hutchby et al.'>* — 126) implanted F*, CI*, Br' and I* and
used optical reflection spectroscopy and ion backscattering for analyzing the damage
produced. The saturation dose for the formation of disorder was 10*® — 10'7 jons/
cm? depending on the ion used. The disorder of a random oriented crystal was def-
initely not reached for the lower value connected with the heavier ions. Annealing,
even for the highest doses, resulted in considerable restoration of the lattice. Walsh!'??
also looked into CdS and ZnO damaged with 200 keV Ar* ions. With doses of 101¢
jons/cm? there was still a discernable amount of crystallinity left in both compounds.
The dose necessary for amorphization was estimated to be = 2 x 10'® ions/cm?®. The
remaining studies are not so much concerned with the formation of amorphous
zones or layers as with the dose dependence for the formation of compounds be-
tween the target and the implanted ions. In the work of Gruen et al.?® very high
doses of hydrogen were implanted in silicon. Here the host was almost amorphous.
Nevertheless, chemical trapping of hydrogen, which indicates the formation of Si-H
bonds, occurred. Fig. 27 shows the trapping efficiency as a function of the bombard-
ing dose. At 4 x 1018 H* ions/cm? (15 keV) 35 % of the hydrogen formed Si-H
bonds. Only at still higher doses, up to 3 x 101 jons/cm®m the radiation effects
lead to a considerable decrease of the Si-H production. This illustrates that the
release of hydrogen as H, from the target probably counteracts the chemical trap-
ping tendency. It is interesting to note that upon annealing the crystallinity of the Si,
including the chemically trapped hydrogen, is recovered. Mohs, Sahm and Wolf'29— 130
examined the radiation effects of heavy ion bombardment on organometallic and
complex compounds. To monitor the radiation decomposition, they made use of
the tendency of the implanted ions to react chemically with the host material.
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Fig. 28. Formation probability of 51Cr(CO)4 for S1Cr* ions in Mo(CO)g and [57Co(en),Cl, ] NO3
for 57Co™ in [Co(en), Cl, ]NO; as function of the implantation dose

For the analysis of the products chemical procedures were used. The implanted
ions were radioactive in order to be able to distinguish them from the host atoms.
An isolated *'Cr" ion implanted in Mo(CO) reacts either with the fragments formed
during stowing down or with complete Mo(CO), molecules through a radiation in-
duced exchange reaction under formation of 51Cr(CO)(,. The probability for this
process is at RT about 50 %. Fig. 28 shows how the formation probability develops
under increasing dose conditions.

The interpretation of these results is as follows:

As long as we deal with isolated damaged zones in the Mo(CO), host the reac-
tion probability remains 50 %. At doses 2 2 x 10'? jons/cm? the damaged zones
start to overlap and the reaction probability decreases due to decomposition of
S1CH(CO)q formed beforehand. At 2 10" jons/cm? the decomposition is nearly
complete and the probability for a restoration of the metal carbonyl from the frag-
ments is very low. The reason for this is probably either a segregation of metallic Mo
and gaseous CO or the rupture of the C=0 bond under formation of oxygen, carbon,
Mo or molybdenum carbide. From the point where overlapping starts one may de-
duct the size of the interaction zone for a single ! Cr* jon. Assuming a cylindrical
zone as deep as the mean projected range one gets a diameter of 80 A. The dose de-
pendence of the formation probability does not tell us anything definite about the
disorder of the Mo(CO)j lattice. We can only say that crystalline regions are pre-
served as long as the damaged zones do not overlap. On the other hand, certainly
also in amorphous Mo(CO), chemical reactions with implanted > Cr* are possible.
Thus we estimate the dose necessary for the amorphization of Mo(CO), to be some-
where between 10" and 10™ ijons/cm?.

The second curve in Fig. 28 shows the same kind of reaction probability for
S7Co" implanted in trans-(Co(en),Cl, )NO;. Here the overlapping of damaged zones
seems to start at around the same dose value, but even at 10*° ions/cm? there remains
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a reaction probability of ~ 10 % for the formation of trans-[> Co(en),Cl, INO;. The
damage necessary to obtain the conditions under which the complex cannot be
synthesized any more is much higher than in the case of Mo(CO),. Mossbauer
measurements of the same system'>? at dose values of 3 — 4 x 1015 proved that a
significant fraction of the 5Co" is in a lattice position similar to the Co in the host.
Summarizing, one may say that a complete amorphization of the lattice below 10%
ions/cm? is not very probable. It is possible that “crystalline” zones extend into the
region beyond the mean range which, in general, is less damaged than the layers near
the surface (Sect. 2.3). '

5.1.2 Comparison with Damage in Metals and Semiconductors

We have already mentioned that radiation damage in metals and semiconductors is
beyond the scope of this review. It is, nevertheless, interesting to compare the re-
sults for compounds described in the preceding section with the measurements for
metals and elemental semiconductors.

It is very difficult to bombard most metals to an extent high enough to achieve
the crystalline to amorphous transition. This requires in any case doses = 10’ ions/cm?.
Very often recrystallization processes take place even at RT. Thus one may get
a saturation dose but not a completely amorphous structure. The situation is quite
different for the semiconductors Si and Ge which easily suffer a transformation
from the crystalline to amorphous states at doses of 10 —10% ions/cm2. These
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Fig. 29. The recovery of Molybdenum after 83Kr implantation with temperature as measured
by Mdssbauer spectroscopy 13
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considerations are true at RT or above. In the low temperature region the situation
is quite different and a high degree of disorder is caused by rather low doses. In

Sect. 2.6.2 we explained the recovery behavior of metals irradiated at liquid He tem-
perature (Fig. 13). A plot of the resistivity against temperature showed that at RT
290 % of the initial damage had recovered. A similar plot may be obtained by im-
planting Mdssbauer nuclides at different temperatures‘ in metals, As already indicated

the Mdssbauer nuclide acts to some extent as a probe for the surrounding damage

78)

Table 4. Dose necessary to produce saturation damage in different targets together with the
irradiation conditions

Target Ion °C Energy Saturation dose Remarks
(keV) (ionsfcm?)
Si He RT 40-100 ~ 1018
N RT 1016
P RT 7 x 1014 Amorphization
Sb RT ~1014 J
Bi RT 5x 1013
Ge S RT 40 5x 1014 l
InSb Pb RT 40 1014 — 1015 Amorphization
GaAs S RT 40 5 x 1014
Au Xe RT 40 > 1016 Not completely
w Kr RT 40 > 1016 disordered
Diamond N* RT 70 ~ 1016
NaCl Xe* RT 40
KBr Xet RT 40 Not completely
16
MgO xet  RT 40 >2x10 disordered
Si0, Xet RT 40
Al,O4 Krt RT 40 1016 Amorphization
pot 100 2 x 1018 Not completely
disordered
Zn0O Art RT 200 2 x 1016 Amorphization
CdS, Art RT 200 2 x 1016
Bit RT 25 1016 Not completely
disordered
r* RT 40 1ole Not completely
disordered
Br* RT 40 1016 —5 x 1016 Not completely
disordered
F* RT 40 1017 Amorphous
AsySes Ar* -238 100 1013 Amorphous zones
Mo$, Art -238 100 1015 Amorphous layers
Mo(CO)¢ crt RT 60 1013 — 1014 Estimate
trans- -100
(Co(en);Cl3NO3]  Cot -RT 60 > 1015 Estimate
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In Fig. 29 a “recovery” curve of Mo is shown as monitored with the implanted
short-lived isotope 3*Kr". The measurement has been performed using a Mossbauer
spectrometer coupled on-line to an ion accelerator (Sect.4.2.4).

The curve shows the factor E which is a measure of the recoil-less fraction of the
implanted atoms at 30 K. At very low temperatures this fraction is small, indicating
a nearly complete disorder around the position of the Kr.

With increasing temperature an ordering process takes place in which clustering
of Mo interstitials as well as of krypton atoms and at higher temperatures interactions
with vacancies probably take place.

These and numerous other experiments prove that in metals the implanted
atoms change their position and their surroundings between liquid He temperature
and RT and that a considerable reordering of the lattice takes place even at low tem-
peratures, The low-temperature recovery of ion-bombarded compounds is unfortu-
nately completely unknown. Very few experiments at liquid-N temperatures indicate
a strong temperature dependence too. A recovery of the majority of the point defects
and centers below RT was found experimentally only for ionic crystals irradiated
with electrons'¥,

In Table 4 the irradiation conditions for various metals, semiconductors and com-
pounds together with the dose at which the radiation damage tends to saturate are
listed. This does not necessarily mean complete amorphization. The values for Si
give an impression of the increasing magnitude of the effects if one goes from light
to heavy ions. The data are from the studies mentioned above and from 135 136),

In Table 5 the few data available for the formation and destruction of com-
pounds between the implanted ion and the host are specified. The initial percen-
tage is listed at which the compound is formed under low-dose conditions together
with the dose necessary to decompose ~ 90% of the initial compound.

Table 5. Decomposition of compounds formed during ion implantation. Low-dose formation
yield and dose necessary for 90% decomposition

Target Ion Energy °C  Compound Low-dose Dose for 90%
(keV) formed yield decomposition

Si H' 15 RT Si-H 35% 4 x 1019 fonsfem?
(1018 Jonsfcm?)

Mo(CO)g Slcr 60 RT S5lCr(CO)g  50% _ 101 Jons/em?
(1012 Ions/cm?).

trans- 57Cot 60 RT (57Co(en), 50-70% >4 x 1015 lons/cm?

[Co(en),Cly , Cl3]NO3 (1012 [ons/cm?)

NO3)

Al 05 D* 15 RT AIOOD Nearly 100% 2-3 x 1018
a x 1017 Tons/cm?
Tons/cm?)
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5.1.3 Sputtering of Compounds

In the last section of the chapter on radiation chemistry we shall mention briefly the
“radiation” decomposition of surface compounds due to the sputtering effect (Sect.
2.5). There are several reasons why this effect is of interest.

1. During high-dose irradiations of compounds the different elements may be
sputtered at different rates. Thus the composition of the surface is changed com-
pared with the one of the bulk of the material.

2. The implantation of reactive ions in an elemental target very often leads to the
formation of compounds. If the target erodes during the sputtering process, the
surface composition of these compounds is different from the composition
below the surface. Thus high-dose oxygen implantation in iron may result in a
Fe, 05 layer. Sputtering transforms this layer at the surface into Fe;0, 137),

3. Sputtering is a routine method for surface cleaning. The preferential sputtering
of the contaminant or the bulk material has naturally some influence on the
course of the process.

In general stoichiometry changes on the surface are caused either by preferential
sputtering, preferential vaporization from thermal spikes or preferential precipitation
of displaced atoms. Preferential sputtering is probably related to the surface binding
energy, which one may approximate by the heat of atomization. Some authors
propose therefore that the stoichiometry of a target will vary in a way leading to the
composition with the lowest heat of atomization'>®: 139) Sputtering induced amor-
phization of the surface of a compound, on the other hand, should occur above a
certain ratio between the crystallization temperature and the melting point
(g 0.3)139). The alkali halides are sputtered without change of compositionl‘m). The
oxides, on the other hand, may be grouped into different classes. Kelly et al.'4?
found that Al, 05, MgO, Nb, O,, SiO,, Ta,0,, Ti0,, U0, and ZrO, conform with
the theory of collisional sputtering of Sigmund (Sect. 2.5), some with and others
without change of stoichiometry due to preferential sputtering of oxygen.

A second group consisting of MoO5, Sn0,,, V, 05 and WO; have sputtering
yield values which are much too high compared with the theory. A thermal contri-
bution to sputtering is probably responsible for this effect.

A third group, MoOj3, Nb, Og, TiO,, V, 05 and WO, includes the oxides losing
preferentially oxygen with or without thermal contribution. The radiation induced
change of stoichiometry is sometimes a process during which the oxides remain
crystalline (Fe, O3 - Fe;0,4, CuO - Cu,0). The amorphization of the surface with-
out decomposition (Al, 0;, Ta, 0,) is also quite common. Finally there are some
cases where the initial oxide grows amorphous first and then recrystallizes as new
compound. Nb, O, for example, is amorphous after a bombardment with 10'¢ O*
ions/cm?® of 35 keV while 10'7 jons/cm? induce a transformation into crystalline
NbO™?)_ The same is true for rutile-type TiO,. About 5 x 10" Kr" jons/cm?

(30 keV) cause amorphization. Up to 8 x 10 jons/cm? the growth of small regions of
Ti, O, goes on and beyond 8 x 10'® ions/cm? one observes the complete transforma-
tion of the surface into polycrystalline Ti, 05 143)
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For further information on this subject and on the question of sputtering of

surface contaminants the reader should consult the relevant reviews and original
papers 38+ 139, 141, 144, 145)

5.2 Solid State Chemistry of Implanted A toms

The number of studies concerning the physical and chemical state of implanted
atoms in compounds is very small in contrast to those concerning metals. In this
section the most important work on this subject is reviewed. We shall divide the
compounds into two classes: the ones with jonic bonds and the ones with covalent
bonds. Studies of metals are only mentioned insofar as implantations of reactive
non-metals in metals are concerned, a situation leading mostly to compound forma-
tion.

Chemical effects in semiconductors and thin films as well as the formation of
gaseous reaction products in solids are treated separately. Another field of science
producing results of interest for implantation chemistry is the chemistry of hot-
atoms resulting from nuclear reactions. Especially in the case of recoil implantation
where the energetic hot-atom is produced at the surface of a sample or grain before
penetrating into the specimen, one finds a situation similar to ion implantation. The
reader should consult the reviews on hot-atom chemistry®4—96; 146-148),

5.2.1 Tonic Compounds

The first “chemical” study of ions implanted in compounds was performed in 1965
by Andersen and Sérensen and is typical for a number of investigations that followed.
In all cases the bombarding ions were radioactive and the product analysis was de-
structive: the sample was dissolved after the implantation and the distribution of the
radioactive ions among the different fractions of the analytical procedure was
studied. Andersen and S¢rensen'*” 159 bombarded K,CrO,4 and K,;Cr; 04 with
ter®, dissolved the targets in aqueous solutions containing Cr’* and CrOf,_ as car-
riers and separated the solution into two fractions containing the valence states I —
I and IV — VI. They found the majority of the 3!Cr in the CrO3™ fraction but
a considerable part also occurred as Cr**. Annealing led to a conversion of the Cr>*
into CrOZ— . Similar experiments were performed with K, BiF 4 and K,S04. In these
targets the presence of *!Cr?* was established. Later on the state of implanted Sele-
nium in K, Se0, and Na,Se0, was studied and the existence of Se? provenlsn.
Another system which has been studied is >2P and >°S implanted in alkali
chlorides'®?). Again a destructive analysis of the oxidation states was performed
and, for example, S° and $2~ identified. Modest heating converts the $27 to the
SO state. A comparison with the same elements originating from nuclear reactions
mainly reflects a higher density of defects in the implantation case. Another differ-
ence may arise because nuclear recoil atoms very often have a high charge state due
to Auger charging while the implanted ion initially has the charge +1 or 0. In addition
one very often finds a surprising similarity between results on the behavior of recoil
atoms and implanted ions>> ~ 155)

54



Chemical Effects of Ion Bombardment

The destructive analysis used by the authors mentioned above unfortunately
does not allow any safe conclusion about the real oxidation state, the position and
the defect structure around the implanted ion in the solid host. The number of
papers published using non-destructive techniques is very small and the authors have
often not been particularly concerned with the chemical state of the implanted atom.

The Mossbauer effect was used as a non-destructive method of studying the
chemistry of '3Sm ions implanted in alkaline-earth fluorides™®* 157) The most inter-
esting result was the variation in the oxidation state of the >3Eu originating from
the '*3sm _B, 153Eu decay which populates the M éssbauer level. While in MgF, and
CaF,, with ionic radii of the cations smatler than Eu®*, the Eu was found partly
(10— 20%) in the +2 state, the SrF, and BaF, with biggerionicradii contained only
Eu3*. The interpretation of this surprising result is complicated because the Mdss-
bauer spectrum contains no information on the lattice position of Eu, the quadru-
pole splitting being too small, and the spectrum reflects the combined result of the
implantation and the §-decay 1536m —B> 133Eu (“after-effect™).

The authors give the following explanation: Since the implantation temperature
was 2 300°K, a considerable reorientation of the lattice took place during the bom-
bardment. This lead to heavily damaged regions and others with less damage. In the
former the thermodynamically most stable +3 state is favorable for the Sm/Eu. In
the latter the Sm*? may be stabilized on the lattice positions of the cation. In
MgF, /CaF, this requires the é)resence of anion vacancies as F-centres because of lack
of space. The transition Sm & Eu initially converts the Sm?* into Eu3*. The charge
compensation then requires a fluoride ion on an interstitial position, but since there
is a lack of F~ around the Eu3", the +3 state is reduced to the +2 state, probably
with the help of the electrons from the F-centres. In StF,/BaF, the vacancies or F-
centres are not required for the stabilization of Sm*2. Therefore, and because of the
larger mobility of interstitials in these compounds, the Eu3* resulting from the g-
transition may compensate its charge immediately with an interstitial ion. In addi-
tion, oxygen impurities seem to play a role in these systems. Annealing leads to the
conversion of the Eu?* to Eu®* and a variation of the chemical shift towards higher
electron density, as one would expect for O™ ™ taking place of fluoride ions.

In conclusion, it seems that in this case the final state of the implanted atoms
at room temperature is the result of a complicated reaction sequence: damage — re-
covery — f-decay.

With the system >’Co” implanted into FeF, the study of the Mossbauer isotope
3'Fe in FeF, is possible. The iron fluoride molecules develop a long range order
below a certain temperature (Néel temperature). The “‘normal” Mossbauer absorp-
tion spectrum changes at this temperature from a quadrupole doublet to a magneti-
cally split complicated spectrum. The emission spectrum arising from implanted
S7Co/5"Fe!®®) shows this change at a much lower temperature. The lowered Néel
temperature indicates that radiation doses of ~ 10" jons/cm? disturb the long-
range order. On the other hand the short-range order is preserved, the FeF, mole-
cules are not destroyed in their majority and the implanted 5’Co/*’Fe comes mainly
to rest as 571~“eF2.

Gruen et al. studied the chemical effects of the implantation of hydrogen and
deuterium (15 keV) in sapphire (a-Al, O3) with the infrared absorption techniquelsg).
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For the D* bombardment at 7.5 x 10'® jons/cm? a band assigned to —OD was ob-
served. This indicated the formation of Al-O-OD. For the H' implantation it was
nearly impossible to detect the —OH band which was just above the limits of detec-
tion. This difference was interpreted as a consequence of the higher damage caused by
D" leading to an increased reactivity of Al,0,. At higher doses the trapping efficien-
cy for D' as —OD decreased from 1 at 107 ions/cm2 to 0.07 at 3 x 10'® ions/cmz.
Above 107 jons/cm? probably the Al-O—OD decomposes and D, clusters or gas
bubbles are formed as indicated by the occurrence of visible blisters. Finally, the
authors observed a strong tendency of the irradiated Al, O3 to undergo hydrolysis
when exposed to water vapors. A similar —OH formation was discovered by Roy and
Greer for the implantation of 1— 5 MeV protons in Ti0,'6®.

The last two examples deal with systems not studied from a chemical point of
view but nevertheless of interest for the chemist. The first one is the implantation of
Pb in Al, 0316‘), investigated with regard to the resulting lattice disorder (Sect. 5.1).
Lattice location experiments using single crystals showed at low doses (v 10™ jons/
cm?) &~ 70 — 80 % of the lead atoms at substitutional positions along Al rows. Even
at doses causing considerable disorder ~20—30% of the lead atoms were still in sub-
stitutional positions. Since the lattice location was performed by means of the a-back-
scattering method, the measurements contained no information on the chemical
state of the lead ions. But there seems to be no doubt that at least in the substitu-
tional fraction the lead presents itself in the chemical form of an oxide.

The second example is concerned with the implantation of Ag" and Au” ions
into lithia-alumina-silica-glass, in order to induce catalytic surface crystallization'6?.
Optical extinction measurements and Rutherford backscattering have shown that the
Ag and Au atoms occur at low temperatures as single atoms or very small aggregates.
During annealing to 800°C the Ag and Au atoms cluster together to colloids of
20 — 50 A diameter. The Ag colloids are less stable than the Au ones and dissolve
into the glass at 200 —400°C. Unfortunately, one does not know whether at least
silver forms an oxide either at low temperature or after dissolution. There is no
doubt, on the other hand, that the colloids consist of metallic Ag and Au.

5.2.2 Covalent Compounds

In ionic crystals the position of the implanted ion in the lattice, the lattice disorder
and the presence of impurities determine the chemical state of the implant. In cova-
lent compounds the formation and rupture of bonds is an additional factor.

Most papers on ion implantations in covalent compounds report destructive
methods of analysis. As with ionic compounds, only a few studies exist on non-de-
structive techniques.

5.2.2.1 Organo-metallic Compounds

One of the first investigations was the implantation of Cu” in a- and f-phthalocyanine.
It was found that the percentage of Cu bound to the host was higher in the
a-form!®?, Later on Yoshihara et al.!®¥ bombarded metal-free and copper phthalo-
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cyanine with radioactive In*, InCI* and InClZ. After dissolution of the target the
complexed and uncomplexed fractions were separated. From the fact that ~ 5 —-30%
of the radioactive indium were measured in the complexed fraction the authors con-
cluded that indium-phthalocyanine was the main reaction product.

Another attempt to synthesize organo-metallic compounds was made by Sahm
and Wolf1%5:188) They found that " 50% of 5!Cr" implanted in Cr(CO), or
Mo(CO), was converted to “organic” 3!Cr, being volatile and extractable into or-
ganic solvents.

The conclusion was that 51Cr(CO)6 had been formed during a reaction between
the implanted 51Cr and the target molecules or their fragments arising from the radi-
ation decomposition.

Thin-layer chromatography was used to prove the identity of Cr(CO), and the
radioactive *Cr-compound. A similar reaction occurred between S1Cr and Re,(CO)y0
but the “organic” yield was much lower (= 17%). The position of the *!Cr* between
Cr(CO)g and Re,(CO),q in the thin-layer chromatogram was interpreted as an indi-
cation for the possible formation of a mixed Cr-Re-carbonyl. Different radioactive
ions were then implanted in various carbonyl compounds and in nearly all cases an
“organic” radioactive fraction between 4 and 20 % was isolated. Table 6 contains all
systems studied.

Because of the low number of molecules formed (10'® — 10') during an irra-
diation a direct identification of the structure of the reaction products was impossi-
ble. The behavior of the compounds during thin-tayer chromatography showed a
certain probability that at least for reactions between homologues (Cot+Ir(CO);,,
Fe+Ru4(C0),,) the corresponding mixed carbonyls (Colr;(CO),,) had been formed.
In all other cases one can only guess the identity of the ““organic fraction”. The most
interesting outcome was the “organic fraction” originating from the reaction be-

Table 6. Formation of organo-metallic compounds by ion implantation

Implanted ion Target compound % Organic yield
Sublimation and/or
solvent extraction

Siert Re5(COY o 14,5
56Mn* Re,(CO) g 7

57Cot Re5(CO) ;o 64
57¢ot Ru3(C0)qq 6,6
57¢o* Rh4(C0O)12 4,5
57cot I14(CO)q2 3,8
59Fe+ Rez(CO)lo 0,6
59Fe* Ru3(C0);2 17,5
59pet Rh4(CO); 5 6,1
59pet Ir4(CO)s 2 10,0
64cyt Mn,(CO) g 3,0
64yt Ru3(CO)y5 8,6
64cyt Rh4(CO)¢2 7,0
64Cy* Ir4(CO)1 1.5
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tween ®*Cu* and carbonyl compounds. Until now no volatile and stable copper com-
pound is known which may result from these conditions.

Implantations in carbonyl compounds were also studied by Wiles and co-work-
ers'®” 168) They implanted*®Mn* in Cr(CO) and analyzed the organic fraction.
Rather low but significant yields (< 1%) of “‘organic” *®Mn were found and the
possibility for the formation of.a mixed carbony! discussed. In the work of Sahm and
Wolf mentioned above the organic yields were much higher but the system
56’Mn+Ct(CO)6 was not studied. The discrepancy might arise from the very low ion
energy in the work of Wiles. The penetration of a 5 keV 56Mn" into the target is so
small that surface reactions should play a major part. Another study of Kanellako-
pulos and Wiles®*) on 20 — 80 keV *°Fe’ in (CpFe(C0),), and CpFe(CO), gave
higher “organic yields”. The main product (= 5 %) was (Cp>>Fe(CO), ), ; Fe(CO)s
and FeCp, were, to a lesser extent, also released. The authors assume that a hot
“exchange” reaction took place during the formation of the (Cpnge(CO)2 ), and a
reaction of >°Fe” with free ligands which lead to the synthesis of Fe(CO)s.

The last organo-metallic compound to report on is Nd-hexafluoroacetylaceto-
nate (Nd(HFA);). The effect of the implantation of rare-earth jons of 40 keV was
compared with the one from recoiling atoms produced by spallation reactions with
660 MeV protons”o). The chemical form of the radioactive products was deter-
mined by dissolving the target and applying distribution chromatography or studying
the volatility during vacuum sublimation. The result showed a considerable percent-
age of the radioactive lanthanide ions in the parent form substituting the Nd of the
target. The chromatography gave an organic yield twice as high as the sublimation
probably because of stabilizing reactions with the solvent. The comparison with the
reactions of recoil atoms from nuclear reactions yielded an astonishing degree of
agreement.

Organic Compounds: Very little work has been done on the interaction of ion
beams with solid organic compounds. Studies to be mentioned are the ones on reac-
tions between J* and J} (5 — 3000 eV) with solid alkanes'™ and *4C (2 — 5000 &V)
with benzene!”?). In both cases considerable fractions of labelled organic iodides and
hydrocarbons (**C labelled benzene, toluene, etc.) respectively were found.

5.2.2.2 Complex Compounds

Some studies dealt with the compound (Co (ethylendiamin), Cl,)NO;. The advan-
tage of this compound is the occurrence of a ¢is- and rrans-isomer. Thus the isomeri-
zation might act as a probe for the probability of smaller changes in the lattice struc-
ture without permanent destruction of the complex bonds. Also there exists infor-
mation on this system from studies of nuclear recoil atoms. The early papers of Ander-
sen, Langvad, S¢rensen’®®) and Wolf and Fritsch!”® report on results obtained by
destructive analysis of the products of the reaction *’Co* +(Co(en),Cl,)NO,. The
configuration of the host is mostly preserved in agreement with the findings of the
recoil atom experiments!”® 175 177), At rather low doses around 103 Co*/cm? about
20 — 50% of the 3’Co* atoms were found in the same chemical form as the target,
the percentage being higher for the trans-(Co(en), Cl, )NO, host compared with the
cis-compound. The fraction undergoing isomerization was low in the frans-host but
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rather high (=~ 30%) in the cis-host. This resembled the lower stability of cis-(Co-
-(en), Cl, )NO; in comparison with the #rans-configuration. Mohs'7® extended the
measurements to higher bombardment doses (= 10 jons/cm?). The 5’Co* fraction
incorporated in the host decreased with increasing doses but was still considerable.
At higher dose values the cis-configuration was found in the frans-compound too.

More information on this system came from non-destructive Méssbauer measure-
ments'3% 178)_In cis- and trans-(Co(en),Cl,)NO; about 10'5 57Co*/cm? were im-
planted and the targets used as Mossbauer sources. The spectra were compared with
emission spectra of the same compounds labelled with 5’Co* via chemical synthesis.
One must keep in mind that the Massbauer spectrum contains no direct information
on the ¥’Co in the matrix but only on the actual Méssbauer nuclide 37 Fe arising
from the ’Co ~>"Fe B-decay. Because the corresponding compounds cis- and trans-
-(Fe(en), Cl, )NO4 were not accessible by synthesis, a comparison with the absorp-
tion spectra was not possible. The interpretation followed the line:

a) the spectra contained a number of doublets indicating a few distinct reaction
products,

b) the emission spectra of the labelled complexes as well as the implanted ones
showed S7Fe as Fe!! and Fe!!! in the nearly undisturbed ligand cage formed by
two ethylene diamine and two chlorine having a trans-configuration and as Fe'!
low-spin complex. There was no indication of >’Fe in the cis-configuration in
the implanted targets neither in a trans- nor in a cis-host.

c) the emission spectrum of the implanted complexes contained a dominating
additional doublet probably arising from Fe'™ in a distorted or completely re-
arranged environment.

If we compare these results with the ones obtained by destructive analysis,
taking into account the difference between the two systems, we find a satisfactory
agreement: the order of magnitude of the *"Co/*'Fe found in the trans-configuration
is reproduced in the spectrum. The compound responsible for the additional doublet
is probably the source of ionic cobalt found after dissolution. The only serious dis-
crepancy is the complete absence of >’ Fe in the “cis-fraction” measured spectroscopi-
cally in contrast with the dissolved cis-(Co(en),Cl,)NO; which contained a consider-
able amount of 3’Co. ‘

57Co/*"Fe implanted into K,4(Fe(CN)) and K3(Fe(CN), ) was another combi-
nation under investigation by means of non-destructive Mossbauer spectroscopy ' 7% 189,
These compounds had the advantage of being well known. Thus the absorption
spectra and the emission spectra were available for comparison with the spectra from
the implanted samples.

Fig. 30 shows the spectrum of 57Co/5Fe implanted in K,(Fe(CN),) (a) and in
K;(Fe(CN),) (b). Again the spectrum contains information on the existence of a
few well-defined species. A total destruction of the lattice and a major breaking of
the C=N bonds did certainly not take place though the implantation dose of ~ 108
ions/cm? might have damaged the target seriously. The species A, B and C for the
K,4(Fe(CN), ) target correspond with >7 Fe in the position of Fe!! in the undisturbed
inner sphere (A), a Fe!! at the position of a K*(C) and a Fe''! bound in the inner
sphere to less than 6 CN™ ligands (B). The less stable K ;(Fe(CN), ) contains only
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the species B and C. The mother configuration, a >’ Fe in the undisturbed inner
sphere, is not preserved.

A comparison with the emission spectra of the labelled compounds
shows that in this case the mother configuration in K,(Fe(CN), ) is the major prod-
uct although it accounts only for &~ 10 % of the 7Fe in the implanted sample. For
K5 (Fe(CN), ) also the spectra of the labelled complex show only ~20% of the
Méssbauer isotopes to have the configuration of the host. The differences are cer-
tainly caused by the additional damage coming from the implantation; on the other
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Fig. 30. Mossbauer spectrum of K4(Fe(CN)g (a) and K3(Fe(CN)g) (b) bombarded with
570t ionslSO)
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hand, the majority of the complex bonds were not destroyed during the bombard-
ment in an irreversible way.

Finally the work of Réssler on hexahalo complexes will be mentioned'®3 18%) He
studied the implantation of Re" into K, SnCl, single crystals. By means of optical
spectroscopy he could show that even atliquid He cooling a Re-Cl bond formation took
place. Recoil implantation experiments of radioactive Re into K, (SnClg) and KCI
followed by destructive analysis brought evidence for nearly 50 % of the radioactive
Re being on the place of Sn in the inner sphere of the complex for the K,(SnCl;)
host. In KCl no measurable formation of (ReCly)*~ was observed.

5.2.3 Metals, Semiconductors and Thin Films

It is not intended to describe in detail all the studies on ion implantation in metals
or semiconductors. Here reviews and proceedings of relevant conferences are avail-
able!» 219,34, 185 —187)  the following pages only work concerned with the
bombardment of metals and semiconductors with reactive non-metals will appear.
Unfortunately, in the majority of cases the physicists studying such systems were
only interested in the radiation damage caused by the bombarding particles or the
position of the implanted atoms in the host lattice neglecting the possibility of the
formation of chemical bonds between implant and host. Therefore, the number of
papers containing adequate investigations is rather small.

35.2.3.1 Metals

Here especially the work of De Waard et al. should be mentioned. They bombarded
several metals (Fe, Co, Ni, V, W, Pb, Cr, Au, P) with tellurium labelled with
129mp, 78, 188, 189) 129m T, decays to 1291 this being a Méssbauer isotope. Therefore
the Méssbauer effect could be used for locating the position of 2°™Te/*2°I atoms
in the metal lattice.

Besides a high fraction of Te in substitutional positions a second type of “Te”
was found in iron. The most probable interpretation was that formation of iron tel-
lurides occurred. After heating to 400°C the Te atoms in substitutional positions
also changed into tellurides,

The same is true for 2°Te in gold. The initially implanted gold sample contained a
certain fraction of AuTe, as well as Te on regular lattice sites, as the comparison with
a chemically prepared source of Au'*™Te, showed. On heating to 600°C the Te
presented itself completely as AuTe, in gold. Another studylgo) was concerned with
129MTe in - and B-tin. Here also more than one lattice position was recorded but the
question of formation of a compound remains open.

Several authors worked on the problem of the oxidation state of rare earth ions
implanted in iron. Cohen, Beyer and Deutch'®? bombarded iron with 50 keV 151Gd
jons which decay by B-transition to *'Eu. Mdssbauer measurements were used for
the analysis of the chemical state of the rare earth ions. The result showed all Eu
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atoms in the +3 oxidation state but at two different sites. About 60 % occupied a
substitutional position whilst the rest was present in a form which the authors do
not identify as interstitials but as internally oxidized Eu®*. Annealing converts the

substitutional Eu atoms into internally oxidized ones.

Another group'®? performed channeling and PAC studies on the annealing of

72¥b in Fe and came to a similar interpretation of their results.

In this context the source of the oxygen is unclear. It might come from impuri-
ties or from recoil implantation of the surface oxygen caused by the knock-on from
the bombarding Gd ions. Other authors were doubtful about this interpretation'®® ~
195) PAC measurements of 400 keV >2Eu ions in Cu did not indicate any oxidation
of the Eu on annealing.

400 keV "*Yb implants were performed with subsequent implantation of '*Q
in the layers near the surface. An oxygen profile using the nuclear reaction technique
(Sect. 4.3) did not show any enrichment of oxygen in the implanted region. Thus the
problem of internal oxidation of implanted rare earth ions is still unsolved. A possi-
ble explanation of the discrepancies mentioned might be the lower implantation
energy used by Cohen et al. Thus the penetration depth of the implanted ions might
be just the same as the one of the recoil implanted oxygen, while the higher energy
used in the other experiments resulted in an end position of the rare earth ions far
beyond the range of recoiling surface oxygen.

A lot of work has been done on the physical consequences of the interaction of
hydrogen or deuterium ions with surfaces'®® = 1*%) These experiments are impor-
tant because of the material problems in fusion reactors. The release of hydrogen as
well as the trapping may serve as tool for the investigation of damage sites. Chemists
will immediately realize that in most materials the formation of hydrides is an im-
portant process which certainly plays a role in the studies mentioned. But until now
this aspect has received only minor attention and has been roughly sketched with the
paraphrase ““chemical trapping”2°° — 202) we shall touch on this question again in
the following section.

5.2.3.2 Thin Films

Ion implantation is a method very often used for changing the electrical properties
of thin films. Sometimes the bombarding ions may react with the film material. In
contrast to the cases mentioned in the last section, thin films change entirely because
their thickness has the same order of magnitude as a typical range of light ions
(= 1000A). Pavlov et al. studied the phase composition of aluminium films bombard-
ed with As*, P*, N, C*, B* ions and of iron with C* ions?®*®_ In comparing the
results of electron diffraction patterns with the ones of known compounds they con-
cluded that crystalline AIN and Al,C3 had been formed. The AIP and AlAs were
amorphous at low temperatures but became crystalline upon heating. C" in a-Fe
reacted to €-Fe;C, heating to 400°C resulted in a transformation to cementite and
a-Fe.

Tantalum is another important material in thin film technology. Bombardment
with light ions leads to an increase in resistivity of the thin film. Wilson, Goh and
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Stephens?®* ~ 206) investigated the ion-induced phase changes in evaporated
films of 500 A thickness using electron microscopy, X-ray and electron diffraction.
Originally the films consist of a mixture of tantalum, tantalum oxide and oxygen.
Argon bombardment leads to a change in the phase structure only when the film
looses enough material due to sputtering. Then TaO, precipitates are formed possibly
by knock-on implantation of oxygen from the surface. Oxygen implantation at low
doses creates islands of crystalline bec tantalum and TaO, precipitates at higher
doses. Nitrogen bombardment finally results in the formation of TayNs. This is
especially interesting because the highest “normal” nitride is TayNg which is very
difficult to convert with usual chemical techniques into TayN;.

35.2.3.3 Semiconductors

As in the case of thin-films ion implantation is also used for changing the properties
of semiconductors. The bombardment with reactive light ions in this case also often
leads to the formation of chemical compounds. The formation of carbides, nitrides,
oxides, and hydrides in Si and Ge in particular have been demonstrated?®” — 299
Borders and Beezhold®®), for example, studied the infrared transmission properties
of Si single crystals implanted with high doses of C*, N* and O". The spectra show-
ed clearly the formation of crystalline SiC after annealing at 850°C and of Si; N,

and SiO, after annealing at 1000°C. At lower temperatures one observes broad fea-
tureless absorption bands. This does not mean that the formation of the compound
takes place entirely at that high temperature but that the compounds are amorphous
at lower temperature. Amorphous SiO, or Si;N, formation was investigated by a
Russian group?® 2!V too. They observed SiC which remained amorphous up to an im-
plantation temperature of 500°C but which changed between 600 — 850°C into
B-SizNg. N* bombardment above 850°C resulted in polycrystalline 3-Si;N,. Gruen
et al. studied the state of hydrogen and deuterium in silicon, germanium and their
compounds2 12,213, 215) They monitored the formation of Si-H, Si-D, Ge-H, Ge-D bonds
and the lattice damage by infrared spectroscopy and laser-induced Raman Scattering.
It could be shown that at low doses (< 10" ions/cm?) mainly physical trapping of
the H and D atoms and the implanted ions. The trapping efficiency (no. trapped
atoms/no. host atoms) was as high as 1.2 — 2 for Si-H and Si-D, respectively, and

0.8 for Ge-H and Ge-D. One concluded the following: Chemical trapping happens
only at doses leading to the amorphization of the lattice. The deuteron trapping is
more efficient because deuterons damage the lattice to a higher degree. If one heats
the hosts to 630° and 460°C for Si and Ge, respectively, the damage anneals and the
host-hydrogen bonds are integrated in the resulting crystalline layers?1®),

CdS and GaAs are compound semiconductors studied extensively with respect
to lattice disorder and changes of the electrical properties produced during ion bom-
bardment.

There is no doubt that the implantation of P* and S* into GaAs®™ or of the ha-
lidesF*,Cl1*, Br*,1" into CdS'2* 126) Jeads partly to the formation of chemical bonds
between host and implant. But unfortunately this question was never the subject of
investigation and remains open.
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5.2.4 The Formation of Gaseous Products in Solids

The possibility of the formation of gaseous reaction products in ion-bombarded
solids exists either in the case of two different implanted elements reacting with each
other or the implanted ions reacting with constituents of the target. There are two
fields where such reactions play a major role. The first one is the fusion research
where one expects hydrogen to react with the wall constituents of a fusion reactor,
the second one is cosmochemistry where one knows that solar wind reacts at the
surface of the moon or planets. In both cases the ion implantation technique is able
to simulate the real processes.

5.2.4.1 Reactions of Energetic Hydrogen in Solids

In the preceding section we explained the reactions of energetic hydrogen atoms
with metals and semiconductors resulting in the formation of hydrides (chemical
trapping). In addition volatile products, released from the solid phase under certain
conditions, may also occur. Thermal desorption as well as sputtering causes the
release process. This leads to an increased erosion of the wall of a fusion reactor by
so-called chemical sputtering!®®). A number of experiments have been performed
partly using gas discharges partly ion beams. In the majority of the gas-discharge ex-
periments only the erosion rates of the proposed wall materials, mostly C, SiC, B,C,
BN, have been studied?'” 218)

In some experiments a mass spectrometer coupled to an ion source was used for
the identification of the released molecules®®. H, discharges and carbon-rich mate-
rials generated methane derivatives CH;*, CH,*, CH,", ... . Hydrogen reactions
with glass, silica and alumina®?? lead to H,0 and CO formation. In all cases reac-
tions occurred not only with the bulk constituents but also with surface contamina-
tions. The distinction is not difficult because in the case of a pure surface reaction
the product yield decays exponentially with time as the surface concentration is de-
pleted.

The experiments with energetic hydrogen or deuterium beams are much easier
to interpret because additional reactions in the gas phase as they occur in gas dis-
charges can be excluded. In a number of laboratories the target erosion rate due to
methane production has been measured as a function of the substrate tempera-
ture2?1>222), Generally a maximum was observed around 600°C (for carbon), the
erosion yield being 3 — 8 x 1072 atoms per incident atom. For SiC and B,C the
erosion yield is much lower than for carbon. The results of all studies suggest the
following explanations®?® for the methane formation:
the methane formation does not take place during the initial collision of the incident
ion with the target. The ions rather slow down first and diffuse back to the surface
where the hydrocarbon is formed.

The reaction mechanism proposed in?2% consists of a stepwise interaction of ad-

sorbed hydrogen atoms with carbon starting with CH_4, and ending up with CH,
gas.
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The yield maximum as a function of temperature is probably due to two effects. At
low temperatures the reaction rate of the chemical reaction increases with tempera-
ture. At high temperatures the recombination of H,4, to H, with subsequent desorp-
tion leads to a lowering of the surface concentration of hydrogen and to a lower
methane production rate.

5.2.4.2 Simulated Solar-wind Implantation

The solar wind contains various elements. The most abundant one is hydrogen. The
quantities of carbon, oxygen and nitrogen present are 107> — 10 times less.
Experiments with lunar fines showed hydrogen concentrations up to 1 cm>fg and

a carbon or nitrogen content in the region of 100 ppm. The dependency of the
content of these elements on the grain size showed that the concentration was much
higher at the surface of the material than in the bulk. This enrichment at the surface
is attributed to the solar-wind implantation?2%: 226)

The different components of the solar-wind may undergo complicated chemical
reactions. Nitrogen is present mainly in form of nitride or ammonium salt, the car-
bon as carbide or hydrocarbons. On heating material from the moon one was able to
record H,, CO, CO,, CH,, C,H,, C3Hg, C,H, and C4H using mass spectrometry
and gas chromatography???,

Ion implantation seems to be very well suited to simulate the reactions of the
solar-wind. The energy necessary is ~ 1 keV/nucleon (for 2C & 12 keV) and easily
obtainable with low-energy accelerators. The intensity of the ions in the solar wind
is many orders of magnitude lower than in an ion beam. Thus, the conditions of
many years of solar-wind impact are achieved in seconds to hours.

One of the first experiments was performed 1972 by Pillinger et al 228 They
implanted B¢* and DY in different materials including lunar fines. By treatment
with acids they got *CD,, *CD, and BBCH, indicating the formation of methane
in reactions between the two implants as well as between the single implanted ele-
ments and constituents of the moon material.

In another study different minerals which are known to occur on the moon
were bombarded with a mixture of '3C*, D, and I5N*229) 1t was shown that mole-
cules as light hydrocarbons and HCN as well as carbides had been formed. During
heating or sputtering of the target the volatile components were released. The analy-
sis was done using acid hydrolysis combined with mass spectroscopy.

Chang et al.23% ysed terrestrial basalt and lunar fines for their simulation ex-
periment with *C* and "N, Vacuum pyrolysis of the irradiated targets led pre-
dominantly to the release of B¢t as €O and CO, and 5N as N, . Chang and Lennon
ﬁnally231) worked on the trapping efficiency of lunar fines for 3C* and SN. At
doses below 2 x 10" jons/cm?® about 70% of both elements are retained in the tar-
get, while above 2 x 10'7 jons/ecm? the trapping efficiency is still at the initial level
indicating a special mechanism for the trapping of carbon ions. There are many
other investigations on the simulation of the behavior of rare gases from the solar-
wind in lunar material which we shall not treat in detail in this review?2% 232233,
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6 Surface Chemistry of Materials Irradiated with Ions

Ion bombardment may lead to changes in the physical and chemical properties of
the surface layers of elements and compounds, and, therefore, be of present and
future technological interest. The effects are based on surface damage, the formation
of amorphous layers or surface alloys without change of the properties of the bulk
materials. In this chapter experiments on such surface variations will be reviewed in-
sofar as they are interesting from a chemical point of view.

6.1 Corrosion and Oxidation

The majority of studies on surface chemistry of ion-bombarded samples are con-
cerned with the oxidation and corrosion of materials. One part of the experiments
covers the corrosion and oxidation in gaseous atmosphere such as air or oxygen at
normal or high temperatures. The other, smaller, part deals with aqueous corrosion,
in particular with the dissolution of metals and the formation of passivating layers
in aqueous solutions. The interest in this subject found its expression in two confer-
ences in 1975234 and in 1978239,

6.1.1 Oxidation and Corrosion in Gaseous Atmosphere

The investigation of the oxidation of surfaces is either interesting from the stand-
point of basic science in order to yield information about the mechanism of adsorp-
tion of oxygen and the subsequent formation of the oxide or from the standpoint
of applied science for a better understanding of the corrosion of materials. In the
latter case oxidation may lead to the unwanted growth of oxides in the form of rust
or to the wanted growth of passivating layers preventing further corrosion. There is
no doubt that ion implantation has some influence on the oxidation process.

In one case the surface is cleaned by the ion beam, in the other a change in its
structure takes place. Both events may increase the surface reactivity. In addition,
the implantation of appropriate elements produces surface alloys and varies the cor-
rosion properties of the basic material without influencing its other characteristics.
A number of authors investigated the oxidation process without the direct aspect of
corrosion.

Goode?3® studied the oxidation of polycrystalline nickel bombarded with He,
Si, Ne, Ca, Ti, Ni, Co, Xe, Ce, and Bi. The oxides were grown in oxygen at 630°C
and the nuclear reaction °0(d, p) 1’0 was used for the determination of the amount
of oxygen take-up. The specimens bombarded with self-ions were annealed at dif-
ferent temperature. The atomic size of the implanted atoms and the annealing of
defects were found to have a marked influence on the growth rate of the oxide. The
oxidation rate of the implanted region compared with the non-implanted one increased
with annealing temperature having a distinct maximum around 400°C. It was con-
cluded that three effects were responsible for the observed behavior:

1. The increasing distortion of the nickel lattice due to the effect of the increasing
atomic size
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2. the annealing of the defects arising from the bombardment
3. vacancy-assisted cation migration occurring only over a limited temperature
range.

One of the early studies was the work of Trillat and Hayman””) who showed
that the oxidation rate of freshly polished uranium was reduced by argon implanta-
tion, :

A similar passivation effect was reported by Mezey et al.® for silicon implanted
with 10'° — 10'® Ge* and Si*/cm®. The tendency for thermal oxidation at 900°C
was considerably smaller for the implanted than for the untreated silicon. Nitrogen
implantation also resulted in passivation of the silicon surface®®®. Other authors
found, in contrast, an enhanced oxidation of ion-bombarded silicon. Nomura and
Hirose?*® reported a thickening of the oxide layers of Si after implantation of Sb*,
P*, Sn* and Ar* with doses > 5 x 10* ions/cm?. Williams and Grant** 2% pom-
barded Si with Ga, Cs, Pb, Bi and Xe and measured an oxidation enhancement for
Cs and an inhibiting effect for Ga. The transport phenomena involved in the growth
of the oxide layers may explain some of the differences. While Pb* implanted in Si
moves with the interface Si/SiO, during oxidation and Bi" is found partly in Siand
partly in SiO,, Xe* remains completely stationary in the region near the surface.

Transgmrt phenomena during anodization were also studied by Mackintosh and
Brown2*® In A1,0; the halogens and alkali metals moved into the specimen, the
former ones to greater, the latter ones to lesser depth than implanted rare gases. Ag,
Ba, Ca, Co, Cu, Fe, Ga, Hg, In, Mn, Ni, Sr, T1, Sb and V moved outwards. In elemen-
tal Al the alkali and alkaline earth metals moved towards the solid-electrolyte inter-
face. The remaining metals moved partly with the advancing oxide front outwards
into the growing oxide. Fowler et al.2*¥ implanted Bi, Sn, Pb, Tl, Ce, Kr, Ag, Cr,
Cu and Au to a depth of 400 A in Al During anodization Bi, Sn, Pb and Tl led to an
increased oxygen uptake, Kr showed no effect and Au, Cu, Cr and Hg reduced the
oxidation. An analysis using the He" backscattering method showed that the oxida-
tion rate starts to decrease as soon as the oxide front reaches the implanted atoms.

The remaining studies on oxidation of metals have been performed mainly with
the aim of looking into the corrosion properties of materials. Thus, in 1971 it was
found that the implantation of boron generated passivation in copper245). The oxi-
dation rate of zircaloy-4 in oxygenated water at 300°C was suppressed by ion bom-
bardment249), Implantation of reactive ions such as 0" and chemically inactive ones
such as Ar” and Xe" yielded the same retardation of the oxidation, suggesting that
the lattice damage was the main reason for this effect.

Naturally iron and steel are the materials of particular interest in corrosion re-
search. To get an idea of the action of irradiation-induced defects on the oxide layer
of iron, Ashworth et al.2*” made measurements using an electrometric reduction
technique which gives the thickness of the oxide layer as well as its composition.
The results showed that the process of ion implantation with inert gas ions thickens
the air-formed oxide film on iron. It is worth noting that this thickening does not so
much affect the outer film on iron, consisting of y-Fe, O, but rather the inner one
consisting of Fe;0,. This result leads to the suggestion that the variation of the
oxide film due to the defects produced during ion implantation might be the reason
for the passivation reported in the majority of the other studies mentioned above.
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On the other hand, in a number of cases the question of the formation of alloys be-
tween the implant and the host or of the migration of oxygen under the influence of
the implanted impurity is of importance.

Antill et al.2*% 249 for example, investigated the long-term oxidation behavior
of an austenitic steel after implantation of yttrium and cerium. Yttrium was implant-
ed in 20/25 Nb steels and the weight gain measured as a function of the exposure
time to CO, at 700°C. The implanted sample showed a considerably lower weight
gain than an untreated one. The effect was as big as the one achieved by alloying the
steel in a conventional manner with 0.1 — 0.4 % yttrium. Implantation of Kr* and
Nb* did not bring any benefit. The implanted yttrium remained effective even for
oxide thicknesses much greater than the implanted depth. A depth analysis using
secondary-ion mass spectrometry showed an accumulation of yttrium at the metal-
oxide interface.

Implantations of yttrium and cerium in 15 % Cr/4 % Al steel and aluminized
coatings on nickel-based alloys did not improve the high-temperature oxidation re-
sistance even though conventional yttrium alloy addition had an effect. The differ-
ences for the various substrates are attributed to different mechanisms of oxidation
of the materials. The austenitic steel forms a protective oxide film and the oxida-
tion proceeds by cation diffusion. Thus, the yttrium is able to remain in a position
at the oxide/metal interface. The other materials exhibit oxides based on aluminum.
In their growth anion diffusion is involved which means an oxide formation directly
at the oxide/metal interface. The implanted metals may, therefore, be incorporated
into the oxide and lost by oxide spalling.

The oxidation of titanium and zirconium was examined extensively by Dearnaley
et a1.25% 259 They implanted a variety of up to 30 different elements from all over
the periodic table in the two metals. Some of them inhibited the oxidation at 400°C,
others did not. Radiation damage, as caused by argon implantation, plays an insignif-
icant part for Ti and Zr. Apart from this, both metals showed striking differences
as far as the effects from different implants are concerned. For Ti ions with large
ionic radii and large heat of oxide formation (= low electronegativity) caused the
highest oxidation inhibition (Ca, Ce, Eu, Cs) and vice versa (Bi, Ni, Sb, Ru). In Zrno
such correlation could be found, only the ionic size of the implanted ions seemed to
play a role. The following explanation was suggested:

In Ti and Zr the oxidation proceeds by oxygen transport into the metal. In Ti
the species which form the perovskite structure (SrTiO) are very effective in block-
ing the path for the oxygen diffusion and in inhibiting the thermal oxidation. In Zr
it seems that only the stress caused by the implanted ions is responsible. It leads to
cracks and ruptures of the oxide along which the oxygen can penetrate and attack
the metal. Therefore, the transition metals (Fe, Ni, Cr) having ionic radii similar to
Zr, are the best inhibitors. This interpretation is supported by the fact that in Zr the
inhibition has a maximum at a dose value of 5 x 10" and decreases at higher ion
doses. In stainless steel again a.correlation with the electronegativity was found but
just in opposite order compared with Ti?5?). The last example on thermal oxidation
is the case of chromium oxidized at 750°C in dry oxygen253).

Fe, Ne, Mg, S, Ca, Cr, Mn, Fe, Y, Cd, Xe, Cs and Bi have been implanted to
depth of up to 400 A prior to oxidation. In contrast to the systems mentioned above
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radiation damage effects are the dominating factor for the oxidation behavior of

this system. No correlation with the electronegativity and ionic radius could be found
but the inert Xe had a distinct inhibiting effect. There is some indication that the
oxidation potential is an important quantity but, in general, the oxidation behavior
of chromium is not understood.

6.1.2 Aqueous Corrosion

Under aqueous corrosion one understands all phenomena taking place when materi-
als are subjected to aqueous solutions. This includes acids as well as neutral solutions
with or without participation of oxygen. The corrosion process in aqueous solutions
involves the dissolution of the metal, the hydrogen evolution at the metal and the
formation or dissolution of protective oxide layers. The standard method for moni-
toring these processes is the recording of current-potential relationships (Sect. 4.4.3)
either potentiostatically, galvanostatically or potentiokinetically. The latter method
yields information on the total range of current density as a function of the electrode
potential involving the active-passive transition. Using the former one may study
distinct regions with better accuracy. From the measurements one is able to deduce
corrosion current densities which are a measure for the corrosion rate, corrosion po-
tentials, critical current densities for passivation and certain indications of the cos-
rosion mechanism.

The greater part of the studies have been performed with iron in neutral solu-
tions. Ashworth et al. examined in detail the behavior of ion-bombarded iron in
buffered acetic acid solution (pH = 7.3). At first they looked into the effect caused
by argon ion irnplantation247). The potentiokinetic polarization curves showed some
differences between the unimplanted and the argon-implanted iron specimen, but
only for the first sweep. This indicates the initial presence of an air-formed film
which is thicker for the implanted sample than for the untreated iron, as already in-
dicated in the preceding section. Once the film had been removed by cathodic reduc-
tion there were no significant differences in the potentiokinetic polarization behavior
of the two samples.

This statement is no longer true for iron bombarded with metal ions?5% 255)

The potentiokinetic polarization curves for pure iron and iron bombarded with in-
creasing doses of chromium show a number of differences. In Fig. 31 curves for both
materials are plotted in one diagram.

After a first sweep towards the positive which is not shown in the diagram and
which is dominated by the dissolution of the airformed oxide layer, a sweep in the
positive direction starts at the negative potential end of the cathodic part of the
curve. In the first part, from A to the corrosion potential B where the curve be-
comes anodic, H, evolution is the most important process. In this region both
samples are very similar. The corrosion potential at B is nearly the same for unim-
planted, with Cr" implanted and with Ar" bombarded iron. From B to C the anodic
dissolution of the metal takes place and at C the active to passive transition starts.
Here one observes the most significant difference between the two samples. The
critical current density for passivation of implanted iron is more than one order of
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magnitude less than for unimplanted iron. This indicates a more pronounced protec-
tive effect in the former case. In the last region of the curve (D) the minimum passive
current density of the chromium-implanted specimens was still significantly less

than that of unimplanted iron.

It is naturally interesting to compare the corrosion behavior of chromium-im-
planted iron with conventional Fe-Cr alloys.

Fig. 32 shows a comparison of the critical current density for passivation (point
C of Fig. 31) plotted against the percentage of Cr in the alloy.

There exists a direct relationship between the two quantities and the calculated
compositions of the implanted alloy fit extremely well into the curve. The results
indicate that surface alloys produced by ion implantation have electrochemical be-
havior similar to conventional bulk alloys despite the fact of their thickness being
only 102 — 103 A.

Another system under study was Ta* implanted in iron%®. Tantalum, because
of its neglegible solid solubility in iron, cannot be introduced by conventional alloy-
ing techniques. The method used for the analysis of the implanted alloys was, as in
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the preceding example, the potentiokinetic polarization. The critical anodic current
density for active-passive transition was more than ten times lower for the implanted
iron sample than for the unimplanted one. Correspondingly, the corrosion resistance
of the tantalum-implanted iron was very similar to that of a conventional Fe-4.9%
Cr alloy. Thus, implanted tantalum in spite of its small solid solubility produces a
surface alloy layer which behaves like a metastable solid solution of Ta in Fe.

Over the last few years the corrosion of ion-implanted iron in oxygen-free acid
solutions has also been investigated®>”" 258) The corrosion rate of the specimens
was analyzed by recording the potentiostatic and galvanostatic current density-po-
tential characteristics in the potential region where cathodic hydrogen evolution and
anodic dissolution dominate (region A to C in Fig. 31). The corrosion current densi-
ties gave an indication of the corrosion probability of the different specimens.

Implantations of rare gases did produce slightly higher corrosion rates than un-
implanted iron. It was noteworthy that the reproducibility of the measurements of
implanted samples was worse than of unimplanted ones. Oxide layers did not play
the important role in this study which they did in the work of Ashworth et al. be-
cause in H, S0, solution immediate cathodic reduction of the oxide takes place. Au
implantation enhanced the corrosion rate of iron by a factor of = 10; lead implan-
tation inhibited the corrosion rate by the same factor. Copper, finally, did not have
much influence, a behavior that is similar to conventional iron-copper alloys with a
copper content of less than 10 %. These findings proved that ion implantation can
vary the corrosion resistance of iron not only in neutral but also in acid solutions.

Further results on the hydrogen evolution reaction in this system are presented
in the following chapter.

6.2 Catalysis and Electrocatalysis

Generally speaking, every chemical reaction in which a reaction partner participates
without being consumed or formed is a catalytic reaction. Since we are interested in ion-
bombardment which is mainly a solid state technique, we can restrict our considerations
to two systems:
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a) catalytic reactions between gaseous reaction partners at the surface of a solid

catalyst,
b) electrocatalytic reactions in solutions at the surface of an electrode.

In the following sections we will call the first type of reaction catalysis, the second
type electrocatalysis.

6.2.1 Catalysis and Ion Bombardment

Since about 193025 ~ 269 4 great number of papers concerned with radiation
effects on catalysts have been produced, but very little work in comparison has been
done with ion bombardment. The great majority of the papers dealt with 7-, X-ray,
electron or thermal neutron irradiations. Some of the later studies using protons,
deuterons and a-particles are to some extent comparable to irradiations with ions
—265) In some cases enhancement of the catalytic activity was found, in others in-
hibition or no influence at all. As explanations a number of effects have been dis-
cussed, such as:

262

geometrical reasons (defect distance)

local or remote electronic defects

point defects

dislocations

surface smoothing

interaction of radiation with surface impurities
surface decomposition.

Only in a few cases was it possible to attribute the chemisorption of a particular
gas to a specific radiation-produced defect. The reader who is interested in radiation
effects on catalysts in general should consult the excellent review of E. H. Taylor2%®.

The attempts to use ion implantation for the modification of catalysts were
mainly restricted to Ar" bombardment. Two patents illustrate the effort of finding
industrial application5267’ 268)

Famsworth et al. performed a number of experiments in bombarding metals
with low-energy argon ions. The catalytic activity for ethylene hydrogenation was
100 times hi%her for a freshly bombarded nickel foil than for the same foil after
annealing®®®’. For platinum the enhancement due to the bombardment was only a
factor of 10 and for copper neglegible?”® . In bombarded germanium no activity
was found®™”. Ni-Cu alloys showed again an enhancement®’?. Sosnovsky and co-
workers®’® 7% bombarded single crystals of silver with argon ions along crystallo-
graphic directions exhibiting channeling. In that way the authors claimed to intro-
duce numerous dislocations. All point defects were eliminated by annealing after
irradiation. The catalytic activity of the silver toward formic acid decomposition was
found to be higher after that treatment than in the original crystal.

As far as irradiations with different ions are concerned, the work of Baumgirt-
ner et al.?’%> 7 should be mentioned. They also used ethylene hydrogenation as a
model reaction and were able to show that the bombardment of annealed metal
foils, especially polycrystalline Ni, Co and similar metals, gave rise to a thermal re-
versible activity increase.
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In conclusion one may say that it is certainly possible to modify catalysts by
using ion implantation. The reasons are mainly physical effects as modifications of
the surface or the formation of defects. For the generation of such effects various
other methods exist such as cold working, electropolishing or etching. Of much
greater interest are chemical effects such as the formation of certain catalytically
active alloys which are difficult or impossible to obtain by conventional techniques
or the problem of affecting the selectivity of a catalyst in a controlled way.

Whether such chemical effects occur more frequently still seems to be an open
question. A major difficulty with studies in this field is the problem of clean sur-
faces. For obtaining reliable results the work has to be done under ultra-high vacuum
conditions. But the findings of such experiments are only of limited value in practice
because industrial catalytic processes by no means run under clean conditions.

6.2.2 Electrocatalysis at Ion-implanted Materials

If a catalyst is a substance which alters the rate of a chemical reaction without itself
being either consumed or generated in the process, then an electrode which acts as
the site for an electrodic reaction and does not dissolve or grow during the process
is also a catalyst; it is a charge-transfer catalyst or electrocatalystzw). The main dif-
ference between a chemical catalyst and an electrocatalyst is the potential depen-
dency of the reaction rate in the latter case. By changing the potential difference
across the interface one is able to change the reaction rate by orders of magnitude.

In addition, one needs not to deal with impure surfaces so much because the
reaction takes place in solution and surface layers (oxides for example) may dissolve
under appropriate potential conditions. Several procedures for achieving activation
are also known for electrocatalysts. Ion implantation may be a convenient method
of activating and modifying an electrocatalyst. Activation takes place by the intro-
duction of defects and modification by the production of surface-doped layers of
varying composition.

Voinov et al. studied the behavior of pyrocarbon in which platinum was implant-
¢d*™® _ The oxidation of hydrogen and the reduction of oxygen was investigated in
HCIO, solution. An increase in H, oxidation corresponding to the amount of Pt im-
planted was observed. The O, reduction was not affected by the implantations. In
another study difficulties in producing catalytic activity of implanted specimens
arose?”® . The bombardment of Cd, Cu and Au with 2 x 10'6pt jons/em? at 20 keV
did not lead to an enhancement of the reaction rate of the hydrogen evolution reac-
tion. On the other hand small amounts of Pt plated on gold produced a considerable
effect. Ti implanted with Pt was used as a catalyst for the chlorine evolution reaction
in a solution of 2 M NaCl in 10~2 M HCL. The bombarded sample produced a current
density for the Cl, evolution of = 20 mA/cm?, this being much higher than the
value for unimplanted Ti, but more than a factor of 10 lower than for pure Pt289),
An electrochemical activation step was not necessary for observing'the catalytic
effect. In contrast, the work of Grenness et al. showed that one sometimes needs
electrochemical activation for an ion-implanted catalyst®®? to become effective. The
authors implanted monolayer quantities of platinum into tungsten or tungstic oxide
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and measured the current-voltage characteristics of the implanted electrodesin a
solution of H, SO, . The current densities for the cathodic hydrogen evolution reac-
tion were several orders of magnitude higher for the implanted anodized tungsten
than for pure tungsten and unimplanted anodized tungsten. Implanted pure tungsten
also did not show the surprising enhancement of the implanted and anodized tung-
sten. To reach the high current densities a few initial conditioning voltage cycles
were necessary. For the complicated mechanism proposed by the authors the reader
should consult the original paper.

Another study dealing with the cathodic hydrogen evolution reaction was con-
cerned with implanted pure iron*: 258) The current densities measured for the
hydrogen evolution with the implanted iron as cathode in H, SO, solutions are illus-
trated in Fig. 33 which shows the current-density potential characteristics of pure
iron bombarded with 10'® — 10'7 Au?*/cm? and Pb?*/cm?. The implantation energy
was 400 keV. The iron was irradiated in the form of rotating rods in order to obtain
an uniform concentration profile from the surface up to the mean range of the ions.

The figure shows that gold implantation enhances the current density for H,
evolution by a factor of up to 10; lead implantation, on the other hand, leads to an
inhibition. In all cases prior to the measurement the oxide layer was reduced cathod-
ically and the first 100 A of the specimens dissolved electrochemically. In a second
experiment the effect of copper implantation was studied in the same way. In this
case no considerable enhancement was measured. Generally speaking, the enhance-
ment or inhibition of the cathodic reaction roughly follows the exchange current
densities of the implanted metals. But when the exchange current densities of im-
plant and substrate are close to each other (< one order of magnitude), additional
irradiation effects occur. The exchange current density of copper is about one order
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Fig. 33. Cathodic current-potential characteristics (curves on the left) for pure iron, and iron
bombarded with Au2* and Pb2* respectively, ig are the corresponding corrosion current densities
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of magnitude lower than that of iron. Nevertheless, the curves of Cu implanted in
iron are generally a little higher than the unimplanted iron. The opposite effect was
obtained by Ashworth et al.2%® in their work on aqueous corrosion of iron. Here
the cathodic current density for H, evolution was 5 times higher for pure iron than
for iron implanted with tantalum, despite the exchange current density of tantalum
being one order of magnitude higher than that of iron.

One may conclude by saying that it was clearly shown by a number of authors
that it is possible to modify to a certain extent the electrocatalytic activity of various
substrates by choosing the appropriate elements and conditions for the ion bombard-
ment. In some cases the expected effect did not occur, in others it occurred only
after an initial electrochemical activation step.

6.3 Tribological Properties of Ion-implanted Metals

The processing of metal surfaces opens a wide field for applications of ion beam
technology. Until now there was not very much activity in this area. Tribology is the
science of interacting surfaces in relative motion. Since a number of phenomena like
friction, adhesion and wear are interconnected and their interaction forms a tribolog-
ical system, it is.rather difficult to describe it accurately. It seems that the surface
asperities and their mechanical properties determine the behavior of two materials
under sliding forces. Friction arises from the adhesion at the contact points and slid-
ing occurs under plastic flow. Wear, on the other hand, is defined as the unwanted
loss of solid material from sliding surfaces due to their mechanical interaction. Final-
ly, there is no doubt that the hardness of the materials is also of importance.

It is not the purpose of this article to cover the whole field of tribology and ion
implantation, but rather to give a short survey with a few selected examples. The
reader interested in details should consult the summarizing papers by Hartley?8% 283)

We shall treat the different phenomena separately and deal with the question of
whether they are affected by ion bombardment, with special regard to the problems
of interest to chemists.

6.3.1 Hardness

The hardness of a surface is relatively easy to measure and it is well known that
irradiation with neutrons leads to increased hardness. It is therefore not astonishing
that several authors studied the changes in hardness due to ion bombardment. In
general nitrogen was used as the projectile and steel as the target®®* ~ 286) 1t was
found that in general nitrogen bombardment caused a considerable increase in hard-
ness. The optimal effect occurred at dose values around 5 x 10" jons/cm? and ele-
vated temperature. Boron implantation in iron also resulted in an'increase of hard-
ness. Argon asprojectile did not yield an effect at 500 — 600°C%**" in contrast to
the situation after implantation at room temperature. The latter effect is plotted in
Fig. 34 (left scale) as a function of the dose.
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The results are interpreted as showing that the increase in hardness is probably
an effect being partly caused by radiation damage, partly by the yield stress coming
from the formation of iron nitride or iron boride. It would be very interesting to
analyze chemically the quantity of compound formation and to compare this analy-
sis with measurements of hardness.

6.3.2 Friction

The origin of friction is the adhesion between the tips of the asperities of two mate-
rials opposite each other, and if one surface is harder than the other, also ploughing
of grooves by the harder material.

Fig. 34 shows the relation between hardness (left curve) and friction (right
curve) and the effect of ion bombardment on these properties of the material.

Changes in friction may be induced either by variation of the hardness and the
surface topography or by changes in the chemical composition of the surface as oxi-
dation or compound formation. The latter provides a kind of lubrication.

The implantation of a considerable dose of metals or non-metals in materials led
to large changes of the friction coefficient. The effect of Ar* 284) j5 certainly mainly
due to the creation of a new surface topography or to variations of the natural oxide
layer of the material. Non-inert ions as Pb, Mo and Se showed some chemical effect
dependent on the type of element introduced. The greatest effect came from lead
implantation®®® and was interpreted as a change in the plastic properties of the
junction events. Eventually, also the formation of PbO at the surface should be con-
sidered.

6.3.3 Wear and Lubrication

The majority of experiments on ion-bombarded materials have been performed using
the pin and disc method. Here a standard pin under a load rubs against a rotating
disc of the test material. Other methods such as rotating rods or the analysis of the
abrasion have been applied less to ion-bombarded samples.
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A general result of the experiments, done mainly on steel, was a reduction of
the wear after implantation of N*, C* or Ar* 284288 283) A comparison of the
effects resulting from light ions such as B* and N* with heavy ions such as Mo* and
Ar" showed that the wear parameter was reduced in both cases with increasing force
on the pin. For materials bombarded with heavy ions this was valid for the region of
light and heavy loads on the pin, while for materials implanted with light ions the
wear parameter increased again after a minimum at medium load. This was interpret-
ed as a hardening in the case of the light ions and a plasticizing effect in the case of
the heavy ions.

Hartley?8%: 289) claims “that the effects of ion implantation on wear reduction
are due to physical rather than chemical mechanisms”. This is probably true for the
systems considered in this model. But there are certainly cases where chemical effects
are important too, especially in tribological systems, including lubrication. For fluid
lubricants it is well known that certain chemical elements improve the adhesion of
the lubricating films. These elements may be introduced by ion implantation. Thisis
also possible for high-temperature lubrication where the “lubricant™ is incorporated
in the material. Here chemical methods for the production of surface films (oxides,
fluorides, sulfides) are common. fon implantation is an alternative method of incor-
porating the effective element into the surface region of the material.

Summarizing we can make the following statement: Ion implantation is an effica-
cious method of modifying the tribological behavior of materials. It should be espe-
cially interesting when very thin films of the modified material are desirable upon the
bulk material, the modified material is not accessible with conventional methods be-
cause of a low solubility limit of the system, and a solid lubricant, incorporated in the
material with very good adhesion, is necessary.

7 Future Trends

Basic research in ion implantation is slowly moving its emphasis from the semicon-
ductor field to the field of material science, as already mentioned in the introduction.
Accordingly, the chemical aspects of ion implantation are gaining more importance
and interest. Since the chemical studies represent up to now only a small part of the
work done, there is an extraordinarily extensive area of science awaiting future
activity. In this short final chapter I shall try to point out the domains of special
interest for basic science as well as for applications. The description of future trends
is naturally not objective but reflects the personal view of the author.

7.1 Radiation Chemistry

The knowledge about the effects of highly ionizing radiation in compounds is very
scarce in comparison with the ones of y-rays or electrons. Systematic investigations
of the macroscopic property changes after ion-bombardment with spectroscopic
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methods would be as interesting as studies on the microscopic defect structure around
the paths of individual heavy ions. Mossbauer effect measurements using convenient
ions as probes can provide this information. The recording of recovery curves where
the defects are created at liquid He temperatures and their behavior measured as a
function of increasing temperature seems to be very important. Recovery curves are
well known for metals and help to understand the phenomena connected to the
transition from disorder to order. Besides this, the radiation chemistry of ion-bom-
barded compounds is relevant for the questions of radiation effects in nuclear power
plants and fusion devices, the interactions of the solar wind and the cosmic rays in
space, on the moon and in the atmosphere.

7.2 Solid State Chemistry

Up to now knowledge of the chemical state of energetic ions or atoms in solids
results entirely from measurements at room temperature. From these measurements
one gets evidence that a considerable thermal recovery process takes place drastically
changing the situation immediately after implantation. Therefore, experiments at
liquid He temperatures would be of great interest. Such experiments have some simi-
larity with matrix isolation techniques: in the case of matrix isolation interactions of
initially single atoms or molecules of two species in an inert matrix at low tempera-
tures as a function of temperature are investigated. In the ion implantation experi-
ment one studies, as a function of temperature, the interaction of single implanted
atoms and defects or fragments produced during the implantation process in a matrix
which is considered as an ideal crystal and does not take part in the reaction. To give
an example: an alkaline earth ion implanted at low temperatures in NaCl will react
mainly with the vacancies, electrons, Cl-Ions or atoms in interstitial positions and
Cl,-molecules or molecular ions created during the slowing down process. These dif-
ferent interactions are strongly temperature dependent.

Another interesting field will be the formation of unconventional compounds
arising from the interactions mentioned above. Since these compounds are mostly
unstable at RT, their production requires working under low-temperature conditions.
The analysis must also be performed at low temperatures, thus spectroscopic measure-
ments done on-line with ion implantation are needed.

Finally, the formation of compounds during the bombardment of metals and
thin films with reactive non-metals is an unexplored field with immediate consequen-
ces for practical applications. The formation of these compounds requires usually a
certain minimum dose and decreases again above a maximum dose. Unfortunately,
the experimental material illustrating these relations is extremely rare. Precise experi-
ments using spectroscopic methods are necessary to identify the compounds unam-
biguously and to replace speculations by experimental facts. In this connection the
interaction between energetic hydrogen and the materials in discussion for future use
in fusion devices or the ones on the surface of the moon and in space should be given
particular reference.
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7.3 Corrosion and Oxidation

The investigations of corrosion of ion-bombarded metals have arrived at a point
where one has a rough idea about what is going on. For a number of systems it is
possible to predict which element can be implanted to improve corrosion resistance.
The future point in question is to what extent the implantation method will find
practical application. There is no doubt that it will never be a routine method for
cheap or voluminous materials or workpieces. On the other hand, it may be a suit-
able method for small expensive parts or in cases where the replacement of parts is
difficult or costly.

The implantation method will always be superior when very thin protective sur-
face Jayers are needed or if one wants to form “alloys™ for which low solubility
limits forbid the use of conventional techniques. The work done until now has shown
that implantation. is a very good method to do basic research in the field of corrosion
and oxidation. The fact of allowing every possible combination of surface alloys and
a very low and controlled concentration of impurities as well as studying the influ-
ence of defects is unique. Therefore, this method should play a more and more im-
portant role in corrosion science in the future.

7.4 Catalysis and Electrocatalysis

The situation regarding heterogeneous catalysis is rather confused. More fundamen-
tal research is needed to clarify the problem of whether certain elements, when im-
planted, cause specific chemical effects other than radiation damage. Moreover, it is
an open question as to whether it is possible to vary the selectivity of a catalyst. An-
other difficulty is the standardization of the surfaces under study. Either one works
under UHV conditions which have little relationship to practical applications, or
under “normal” conditions which means that surface contaminations are unavoid-
able.

In the field of electrocatalysis the situation seems to be somewhat better as far
as the prablems of clean surfaces and the existence of chemical effects are concerned.
Unfortunately, so far only a few reactions have been studied. Thus, much more syste-
matic fundamentai research has to be done. From the resuits already available one
can extract the hope that ion-bombardment will be of future importance for fields
involving electrocatalytical reactions such as, for example, hydrogen technology,
energy conversion, fuel cells and electrochemical redox reactions.

7.5 Mechanical Properties of Surfaces

For ion-beam modifications of the mechanical surface properties the same consider-
ations are valid as for the modification of corrosion behavior. Their applications in
the treatment of materials will be restricted to special cases where the costs are not
of main importance.
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It is well established now that jon-bombardment can improve the hardness of

materials or the resistance against wear. The question of improving the adhesion of
lubricants or of producing self-lubricating thin films on the surface must be subject
to further investigations.

Another field for future activity is the influence of ion implantation on the

properties of surface coatings. It should be possible to affect the conditions of the
electrolytical coating process as well as the mechanical characteristic of coatings by
modifying the substrate by means of ion beams.
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Doubly-Charged Negative Ions in the Gas Phase

Robert W. Kiser
Department of Chemistry, University of Kentucky, Lexington, Kentucky 40506, U. S. A.

Gas phase electron impact processes give rise to both positive and negative ions, although the
negative ions commonly constitute ca. 0.1 % of the total ions formed. Lattice energy calculations
which consider the existence of doubly-charged negative ions (such as 03— and §2-) in the
crystalline state, indicate that the process

Z(g)+e(g) >Z% (g)

is endoergic by about 6-8 eV. Here, Z is any element in general, However, doubly-charged nega-
tive ions are now known to exist in the gas phase. Their existence and properties are of interest to
many scientists; this review assesses the current information concerning these unique and im-
portant species.

The lifetimes of gaseous doubly-charged negative ions in their ground state are expected to
be short and have been predicted to be of the order of 0.1 ns or less, a time so short as to pre-
clude their observation in a conventional mass spectrometer. However, X 2- (&) is isoelectronic
with G~ (g), where X is a halogen and G is a noble gas element; the He™ (g) species has been
known since 1939, has been studied by several investigators who have determined the lifetimes of
He— (g) 115?252 2p! #P), and has been utilized as a projectile. It is shown that the X2~ species
also exist generally in excited states, not unlike the He™ ion, and that they have long lifetimes of
approximately 0.1 ms.

The discovery of the existence of Z2~ (g) and AZ?~ (g) ions was reported in 1966 in exper-
iments that employed an omegatron mass spectrometer. The experiments involved in the dis-
covery of doubly-charged negative ions are reviewed, as are those of other investigators who have
reported observations of atomic Z 2- (g) ions and molecular AzZ?- (g} ions. Mechanisms and
methods of formation of the doubly-charged negative ions and their energetics and lifetimes are
discussed in an effort to improve the understanding of this new class of gaseous ions.
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Doubly-Charged Negative lons in the Gas Phase

I Introduction

A dozen years ago experimental evidence for the existence of doubly-charged nega-
tive ions in the gas phase was first reported by Stuckey and Kiser?8% 281)_gyb.
sequent observations and reports by other investigators have confirmed the existence
of these novel ions. It has been established that these unique species can have life-
times of the order of 0.1 ms or longer. Still, little 1s known of the mechanisms of
formation and of the properties of these doubly-charged negative ions.

The present paper reviews and assesses the current information about the forma-
tion and identification of X*~, AZ2~, and other doubly-charged negative ion species
that have been reported. [t also presents mechanisms and explanations for the pro-
duction of the monatomic, diatomic and polyatomic doubly-charged negative ions
that have been observed. Finally, some potentially fruitful paths for the further
study of these jons are indicated.

To the present, experimental evidence has been presented for the gas-phase
existence of the monatomic species H2~, F2~, C1*~, Br>—, 12—, 0%, Te?~, P?~,
As?~, 8b%~, and Bi?~, for the diatomic CN?~ ion, and for the polyatomic species
NO,%~, SF42-, SF42~ and others. Before examining the experimental studies of
these doublycharged negative ions in the gas phase, it is instructive to consider in-
formation concemning species isoelectronic with doubly-charged negative ions.

A. Isoelectronic Species of X%~ Ions

Species isoelectronic with the doubly-charged halogen jons, X?~, e. g., CI?~, will be
considered first. As part of a preliminary communication concerning an investigation
of singly- and doubly-charged positive ions formed by electron impact with argon,
Barton'”) noted that large quantities of negative ions also were produced. He sur-
mised that these negative ions were A1~ which apparently originated in a region of
the discharge tube where impacting electrons had just sufficient energy to excite the
atoms. Barton'”) commented that in argon it appears to be a necessary and suffi-
cient condition for the capture of an electron that the atom first be in an excited
state. However, in his full paper'® published on Ar* and Ar** formation, no
comment is made conceming these negative ions. A separate contribution'® later
that year does treat these negative ions and Barton revised the assignment of these
ions as due to Ar~; rather, he demonstrated that the negative ions hat M/z = ca. 33
and were due to the oxide-coated filaments he employed. Consequently, he assigned
the species he observed as O, ~ rather than Ar™.

The existence of He— was first estabished by Hiby'*® in 1939 when he ob-
served H, ™ and He™ in canal rays from hydrogen and helium with a parabola mass
spectograph?®?. Although Dopel®® had reported the He— species earlier,
Hiby 49 gives reasons that indicate Dopel’s interpretation was based on an illusion
and was dubious. Also using a parabola mass spectrograph, Tiixen?®? did not find
He™ to be present in a helium glow discharge over the pressure range of 0.1 to 10
Tour; in fact, he found no negative ions of the noble gases to be formed from He, Ne
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or Ar. However, Hiby'*® found that the He— ion intensity was about 1 % of that
of the He* ion produced from pure helium.

The He~ ion has since been extensively studied both theoretically and experi-
mentally. Bartlett!® compared his extrapolation results for H with those of
Bethe®? and concluded that 1s*2s' 'S He™ is unstable. Wu’s variational calcula-
tions3'® indicated He— in the 1s%2s! 2 state to be unstable. However, he found
that the 1s'2s? 28 state of He~ is very close to the energy of the 1s’2s! 38 state of
He and indicated that this excited state of He— might just be stable. In a similar
manner he calculated Li in the 1s?2s! 2§ state to have an electron affinity of 0.54
eV, a value close to the currently accepted experimental value. Wu and Shen3'®)
indicated that the He— ion in the 15s'2s'2p! %P state would be possible.

Holgien' % considered various excited states of He— using the variational
method and showed that the 15 2p? *P state is unstable and subject to autodetach-
ment. He also found the bound 2s2p? *P state to be subject to autodetachment.
Since permitted autodetachment would cause the lifetimes to be of the order of
10~ 145, neither of these states could explain the lifetime of > 10~" s necessary for
He~ to be detected mass spectrometrically. Holgien'*® noted that Wu and
Shen®!%) suggested the 1s' 2s' 2p! *P state might be stable, and indicated that this
4P state would not undergo autodetachment.

Subsequently, Holgien and Midtdal!>?) treated the 1s'2s'2p! #P state of He—.
In their detailed theoretical treatment, Holgien and Midtdal found that the only
stable electronic configuration of the He— ion is 1s!2s'2p! #P and that this state is
metastable toward radiative decay and is not subject to autodetachment. From the
energy calculations they found an electron affinity for 1s!2s! 38 He relative to this
state of He— of at least 0.075 eV, although a later correction of a calculational error
causes this value to become negative!>V), The original value was quite close to the
experimental photodetachment measurements of Brehm, Gusinov and Hall*®.
Holgien and Geltman'5") have calculated an electron affinity of > 0.033 eV these
authors also cite an unpublished calculation of Weiss that yielded an electron affinity
of > 0.069 eV. Holgien and Midtdal'>? note that this *P5/, state of He— might
exist for times of the order of 1 ms and that this then explains the observations of
Hiby 49, Pietenpolzag) calculated the lifetime of the 4Ps /2 state of He™ to be
1.7 ms and Laughlin and Stewart 7% have calculated that this He~ ion would have a
lifetime of about 0.4 ms. Manson'®" calculated a lifetime of about 1 ms for the
4p, J2 state and Estberg and LaBahn!®%) have calculated a lifetime of about 0.45 ms
for this P He—~ ion.

Nicholas, Trowbridge and Allen?2? experimentally produced He— by charge
exchange from He* formed in a cold-cathode mercury pool discharge and measured
the lifetime of the He~ beam to be about 0.018 ms. They believed that they were
studying a single type of He— jon and assumed it to be the 1s'2s'2p! state. Earlier,
Riviere and Sweetman?5® obtained evidence for a finite lifetime for the He— ion
and Sweetman?®3 experimentally determined the lifetime of He— to be > 1.0 x
1035 s. Based upon the electric field dissociation results reported by Riviere and
Sweetman?59) and the theoretical treatment by Demkov and Drukarev®®) of the
decay of negative ions in an electric field, it is estimated that the He electron affinity
is very near 0.08 eV. Smirnov?®® has discussed the decay of negative jons and

92



Doubly-Charged Negative Ions in the Gas Phase

Smirnov and Chibisov?”® determined an electron affinity for He of 0.06+0.005 eV.
More recently, Blau, Novick and Weinflash>®* 229 and Simpson, Browning and
Gilbody2%® have determined the *P5;; He~ " lifetime to be about 0.35-0.50 ms;
they also identified a shorter-lived component with a lifetime of about 0.10 ms that
corresponds to the other 4P states, in agreement with the theoretical calculations.
Using an 1f resonance technique, Mader and Novick 8% 19%) have studied the fine
structure of the 1s'2s'2p! *P; He— ion.

Purser?®) has suggested a mechanism for the production of He~. The first step
is the formation of the excited 3S He atom. In the second step, electron attachment
to the 3S He produces the bound 1s'2s'2p" *P state of He~.

The He™ ion and other negative ions are of practical importance in high energy
nuclear physics. Using a tandem accelerator, negative ions are first accelerated and
then, by means of charge-stripping with a thin target, are converted to positive ions
for further acceleration!% 15% 251 Windham, Joseph and Weinman3°”) have
described a He~ ion source that produces He* in a discharge. The He* ions then are
caused to undergo collisions with hydrogen to form He— (and H™) by a charge
exchange process. In this way, yields of > 3 nA of He— were produced. Negative ion
charge exchange has been studied by Tang, Rothe and Reck?* using Cs bombard-
ment of $0,, SF¢, CF,Cl, and CH3NO,. A number of atomic and molecular nega-
tive ions so produced have been investigated (Z?~ ions were not reported, however).

Recently, Muller, Lorentz and Remy?'® used a duoplasmatron ion source for
the production of He~ ion beams. Interestingly, their source design permits partial
magnetic separation of electrons and weakly bound negative ions in the extraction
zone. These same authors*# have also produced H—, F~ and Cl~ using their duo-
plasmatron; they note that very low energy electrons are present in the anodic
plasma where Cl— and F— are formed from CF,Cl,. Other negative ion sources for
tandem accelerators have been surveyed 3% 209, Purser?#® also has reviewed the
advances in negative ion source technology and notes that beam currents in the uA
to mA range are now being produced for some negative ion species.

In summary, the He~ ion has been produced, studied and employed experimen-
tally. Theoretical calculations indicate that this ion is the 15125t 2p! 4P, 12 state, a
state metastable with respect to both radiative decay and autodetachment. The
results of theoretical calculations and experimental measurements are in reasonable
agreement that the electron affinity of 1s'2s! 3S He to form He~ is 0.08 + 0.02 eV
and that the lifetime of this metastable He— ion is about 0.45 ms. Resonant states of
He~ are also known and have been characterized 196 222,

Thus, nearly forty years after the discovery of He~ by Hiby, this interesting ion
is beginning to be understood. The other singly-charged noble gas negative ions, G~
are less well understood, although progress is being made. Quéméner, Paquet and
Marmet?4¥, Bolduc, Quéméner and Marmet*® and Marmet, Bolduc and
Quéméner'®? have studied resonant negative ion states of He (e. g., 2s22p* *P and
25s'2p? 2D), Ar (3s! 3p®4s?), Kr, and Xe by electron impact. Zollweg3'® has in-
dicated none of the rare gases have bound states. Moser and Nesbet?!®) have used
variational Bethe-Goldstone calculations to compute the electron affinity of Ar (and
other atomic species) and Edwards'%?) has studied the doubly-excited 2P states of
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Ar~. Longlived metastable states of negative ions of the noble gas atoms other than
He are unknown to the present, although Bethge®® indicated he has extracted very
low intensity Xe™ ion beams from his dense plasma Penning source. Since so little
other information is available at this time, it is not inappropriate to adopt He—* as a
model for the isoelectronic monatomic X~ ions of Group VII and for other Z2~
species.

Holoien and Geltman'5? also have found that the 1s'2p? *P® state of He~ is
bound with respect to the 1s!2p! 3P? state of He; the electron affinity of this state
is calculated to be > 0.20 eV. This state is metastable against autodetachment via the
Coulomb interaction. Holoien and Geltman indicate its lifetime against autodetach-
ment to be of the same order as that for the *PC state and that it may radiate to the
metastable P? state. The extent of contributions of the “P® and *P® metastable
states to the observed He~ ion beams is presently unknown. Buchel’nikova®”, Smir-
nov26% and Massey’®® have summarized much of the present knowledge of atomic
negative ions.

Other species isoelectronic with He=, e. g, Li'®? have been treated in detail by
many of the same investigators who have examined He~. A particularly important
species that is isoelectronic with He— and is of interest to this discussion is H® ~ The
H- ion is known ta have at least one bound state!3% 173 182,233,253, 254) (4 yery
extensive literature exists concerning the H— ion). Recently, Hills'4? has reported
that the singlet state of H™ has only one bound state and that the triplet state of H~
has no bound state within the approximations he employed. Further comments on
the doubly-charged negative H*~ jon, however, will be held is abeyance until the
experimental observations of a long-lived H2~ ion by Schnitzer and Anbar?*) and
a much shorter-lived H2~ ion by Walton, Peart and Dolder®®® are considered.

Doubly-charged negative ions of Group VI elements are isoelectronic with the
halogen jons, X~, and with the noble gases, G. Within the past 15 years, the electron
affinities of the halogen atoms and numerous other atoms have been determined
precisely by means of photodetachment®®), However, there is a paucity of infor-
mation about any excited states of the halogen ions. Most of the available informa-
tion has been derived from isoelectronic sequence extrapolations and, as such, is less
than conclusive. In view of the lack of other information, this approach will necessar-
ily be considered in the discussion of the Z?~ species. Z is used as a general de-
signation for any element. What is to be noted for the present is that the calculation
of electron affinities with closed shell configurations for Z2~ yields negative values,
indicating that the Coulombic repulsion is too great to achieve a bound state. For
example, Herrick and Stillinger'3®) indicate the electron affinity of O~ is —5.38 eV
based on a variational treatment. This necessitates the consideration of excited states
that will be metastable both toward radiative decay and autodetachment, although
Avron, Herbst and Simon!!? have indicated that normally unbound states may be
weakly bound in magnetic fields.

A few 2%~ species are rather well characterized in the solid state. It is then
appropriate to consider the information about Z2~ (s) with the intent of learning
more about Z2~ (g).
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B. Doubly-Charged Negative Atomic Ions in Solids

Several solid compounds of a predominantly ionic nature have doubly-charged nega-
tive monatomic ions as the anions. Foremost among these are the oxides of the
strongly electropositive elements of Groups I and I1. Relatively fewer of these
elements will form compounds with sulfur or selenium with more than 50 % ionic
character®3% 231,

Pritchard?4?, Buchel’nikova®® 37, Branscomb*®, Moiseiwitsch?'D),
Berry®?, Berry and Reimann®Y, Christophorou®"), Franklin and Harland*!?,
Hotop and Lineberger! 33, Moiseiwitsch?!?), Schoen?5”) and Steiner?”® have
reviewed the theoretical treatments and experimental measurements of the electron
affinities of many species. Negative ions and negative ion mass spectra have been
discussed also by Buchel’nikova®®, Khvostenko and Tolstikov!®%),
Massey!®5~ 12", Mazunov and Khvostenko?°®), McDaniel2°Y), Melton2°6- 207),
Page and Goode?2%), Schulz?%? and von Ardenne, Steinfelder and Tiimmler?®7),

Table 1. Electron affinities of selected atomic and
molecular species (in eV). [Estimated values for
O7and S "are in brackets.]

Species Electron affinity
CN 3.82
SFg 3.66
Cl 361
Br 3.36
F 3.34
I 3.06
CO3 2.69
BF3 2.65
NO, 2.36
03 2.26
S 2.08
Se 2.02
Te 1.97
Bi 1.76
0O 1.46
SF¢ 143
C 1.27
H 0.76
P 0.75
Li 0.61
Na 0.54
K 0.50
Rb 0.49
Cs 0.47

He (1s! 251 33) 0.08
S~ [-6.0]
o [(-7.7]
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Table 1 presents a list of the electron affinities for several selected atomic and mole-
cular species of interest to the present discussions; results determined by the photo-
detachment technique have been selected from the literature. No experimental
measurements of the electron affinity of O™ or S~ are available. However, lattice
energy calculations®8: 175 242) and a variety of isoelectronic extrapolation tech-
niques have been employed by a number of investigators to obtain this information.
Baughan?? 23, for example, finds values of —6.2 and —3.9 eV for the attachment of
two electrons to the O and S atoms, respectively. These results provide the estimates
indicated in Table 1 for EA(O™) and EA(S™).

It is recognized that a calculated negative electron affinity does not mean that
the negative ion cannot exist. Species such as Be~, Mg—, BeH™, MgH~, LiH™ and
LiH, ™ have been formed in a Penning ion source?%: 36), These species are formed in
excited states, and metastable states provide long lifetimes against autodetachment
and radiative decay. Because the He™ ion was not observed, but Be™, BeH™, Mg~
and MgH™ were, Bethge, Heinicke and Baumann>® indicate that the lifetimes of
these ions must be greater than 1075 s, the lifetime experimentally determined for
He™ * by Sweetman?®® and by Nicholas, Trowbridge and Allen®?%). Considering
the more recent determinations of the lifetime of He™ *3% 224, 266) the Be™ and
Mg~ ions and the corresponding hydride species must have lifetimes of the order of
10™% s or greater. Weiss>%) has suggested that the Be™ and Mg™ ions observed by
Bethge, et al.3®) may be the metastable ns' np? 4P states that have positive electron
affinities.

The inference is that the metastable states of the negative ions and the long
lifetimes of these states must play significant roles in the formation of doubly-
charged negative ions in the gas phase. In the solid state the crystal lattice energy
apparently stabilizes the Z2~ species. As mentioned, 0%~ (s), S~ (s) and Se?~(s) are
known in many compounds. But C12~(s) and other doubly-charged negative halogen
ions in the solid state are unknown. For a metal M exhibiting a valence of n+ in an
ionic compound that might contain the doubly-charged negative halogen ion, X*~, a
general empirical formula of M, X, would resuit. It is of interest to consider if any
such M, X,, compounds are known to exist.

A number of silver subhalides, of inconstant composition and apparently colloi-
dal solutions of the metal in the halide, have been reported. These are not true com-
pounds. The literature2% does record an interesting species known as silver sub-
fluoride. Parkes??%) indicates this Ag, F to be a relatively unstable bright yellow
crystalline solid prepared by electrolysis of an AgF solution!%% 239, Wghler3!?
characterized the crystals not as yellow or bronze, as did Guntz'®?, but rather as
light green to bronze metallic. The Ag,F crystals can also be prepared by heating an
HF solution of AgF with silver powder. The compound is unstable in contact with
water if there is no excess of HF, and decomposes above 90 ° to silver and silver
fluoride. Thome and Roberts?8®) comment further on the properties of Ag,F. One
may question if this compound is best represented as 2Ag*, F2~. The apparent
answer is that there is no reason to believe X?~ jons are present in this crystalline
solid or any other reported M, X,, substance.

If it is assumed that Ag,F is composed of Ag" and F?~ ions, a crude estimate of
the electron affinity of F~ may be made by employing a Born-Haber thermo-
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chemical cycle. The assumptions made are that AHf (Ag,F, rutile structure) is ca.
—0.8 eV and that the ionic radius of an F2~ ion is ca. 50 % larger than F~, or ca.
2 A. An approximate crystal lattice energy for Ag,F may be calculated as —17.7 eV
using the Born-Mayer equation. EA (F), D(F,), S(Ag) and I(Ag) are well known
values3®D, Therefore, an estimate of the energy associated with the attachment of
another electron to the F~ ion is that EA(F~) = 1.7 eV. A larger ionic radius for
F2~ would cause EA(F ™) to be greater; a more positive A Hf(Ag,F) would cause
EA(F™) to be less.

The extrapolation of ionization potentials along the isoelectronic sequence of
Na, Mg* and A1%* by a variety of methods all indicate that F2~ is not bound in the
ground state (i.e., EA(F ™) is ca. -7 eV28°)). The disparity of this result with the
result from the thermochemical calculation indicates that Ag,F is not composed of
Ag" and F2~ jons. Pauling?3® has indicated that, based on X-ray structure
studies'3® 279 _silver subfluoride may be considered to be intermediate between a
salt and a metal. The crystal is composed of Ag,Ag,F layers with the bonds between
silver layers being essentially metallic and those between silver and fluorine layers
being ionic-covalent in nature. Consequently, this author is unaware of any princi-
pally ionic compounds that possess the general empirical formula M, X, that contain
X2~ ions. There appears to be no known compounds that contain halogen X2~ jons
in the solid state.

The fact that the ionic model works rather well for crystal lattice energy calcula-
tions of compounds such as MgO and Li, O cannot be interpreted as establishing that
02~ actually exists in the solid. Crystal lattice energy calculations of Mg3N,,

Al, 03, and AIN are in reasonable accord with experiment, but certainly all of these
compounds have significant covalent character. Crystal lattice energy calculations
based on the ionic model are found to be relatively insensitive to a significant cova-
lent contribution to the bonding. Ahlrichs® makes a similar comment using MgO as
an example in his discussion of the Hartree-Fock theory for negative ions.

Driessler, Ahlrichs, Staemmler and Kutzelnigg®® have discussed some of the
difficulties encountered in Hartree-Fock computations of polyatomic negative ions.
Ahlrichs® indicates that for the 0%~ system in the lSg state, the maximum number
of electronic charges that can be on the O atom is z = 1.23; similarly, for the 1Sg
S2~ system, z = 1.30. Ahlrichs®, Prat?*Y) and Delgado-Barrio and Prat®® do not
treat the various possible excited states of 0>~ (analogous to those discussed in
detail above for the He™ system) in their Hartree-Fock calculations. Herrick and
Stillinger!3® also have treated the ground state of O*~ using a variational approach.

With this background based on the isoelectronic sequence species and electron
affinities, and the electronic configurations of various negative ions, a review of the
discovery of gas phase doublycharged negative ions and an examination of the
various experimental approaches and observations of doubly-charged negative ions
by a number of different workers is appropriate.

The literature %7 195 201, 220) racords a variety of statements to the effect that
longlived (> 1077 s5) doubly-charged negative ions do not exist. The remainder of
this discussion basically involves descriptions and evaluations of experiments and
interpretations that demonstrate that doubly-charged negative ions do exist.
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II The Discovery of Doubly-Charged Negative Ions

The discovery of doubly-charged negative ions was first reported in 1966 by Stuckey
and Kiser?8%: 281) The species observed were the monatomic 0%, F? -, C1?- , and
Br?~, and the diatomic CN*~ ions. Their studies also included an estimate of the
lifetime of these species based on the jon flight times and a discussion of the elec-
tronic configurations and possible modes of formation of the observed ions.

The investigations by Stuckey and Kiser employed a rather unique type of mass
spectrometer which, as will be seen, is important in the production of the doubly-
charged negative ions. We shall review briefly the experimental approaches, observa-
tions, and initial interpretations of the results. To do so, an examination of the
design and characteristics of the omegatron is germane.

A. The Omegatron Mass Spectrometer

Hipple, Sommer and Thomas'*® devised a mass spectrometer of new design to
determine the Faraday by measuring the cyclotron resonance frequency of protons
in a known magnetic field. Recognizing that this device measures w, the cyclotron
frequency, Hipple, Sommer and Thomas proposed the name omegatron.

The basic design and operation of this mass spectrometer are closely related to
that of the cyclotron devised by Lawrence and Livingston'?”. De Groot®? has also
discussed the cyclotron operation. (Interestingly, *He and 3H were found by Alvarez
and Cornog® % using the cyclotron as a mass spectrometer.) A detailed discussion of
the omegatron was given by Hipple, Sommer and Thomas in subsequent publica-

-

A}
1}

Fig. 1. Schematic diagram of the basic design
of the omegatron mass spectrometer. (After
Stuckeyigo).)
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M/z = 44
we=1.1x10%s™
f=175 kHz

Resolution = 45

Fig. 2. Ion trajectory of a resonant ion
X in the omegatron mass spectrometer

tions'** 273); the presentation here is based essentially on their reports and the
detailed ion trajectory analyses provided by Berry?® 29, Brubaker and Perkins’?,
Schuchhardt2%® and Truell?!> 2°?), Other treatments and discussions are also
available 108 167),

The design of the omegatron is shown schematically in Fig. 1. The omegatron
functions as a small cyclotron with the important distinction that the radio-
frequency electric field is distributed over the entire analyzing region and is not just
applied across the faces of two “D”s as in the cyclotron81: 177,

An ion of mass m and charge q, the resonant frequency of which is equal to the
applied radio-frequency, f,

f=qB/2mm = w/27 (1)

continuously gains energy from the rf field; as a result, the radius of the ion trajec-
tory continues to increase until the ion strikes the target electrode and is detected, as
shown in Fig. 2. This ion trajectory closely approximates an Archimedes spiral. w, is
the cyclotron frequency and B is the magnetic field. The radius at any given time, t,
is given by

r=Et/2B 2

E, is the rf field strength.
Ions out of phase with the radio-frequency field cannot gain energy continuous-
ly from the field; as a result, these ions do not exceed a radius, r (max), that is signif-
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ooer fmax/To = 2MEq/1yB%
[ror/rer)
0.04+ 4
° m=17.48
R F rp=t40cm |
5 B=5010 G
£
0.02r ]
O .; 1 1 1 i 1
o | 2 3 4 5 6 Fig. 3. Maximum radius of a non-resonant ion in
Eg (V/em) — the omegatron mass spectrometer. (After Stuckey28°)

icantly less than the straight-line distance between the electron beam and the detec-
tor, r,. The maximum radius of a non-resonant ion is given by (see also Fig. 3)

t(max) = (m/Am) (2mE,/qB?) = (m/Am) (xo/p) €}

for ions differing in mass by Am from resonant ions of mass m. Here p is the resolu-
tion. Consequently, the non-resonant ions do not reach the detector. Rather, these
non-resonant ions generate complex rosettes'43 144 273 and remain in the vicinity
of the electron beam, as indicated schematically by the dotted region in Fig. 2. A
distinguishing characteristic of the omegatron, therefore, is the fact that not all ions
are extracted promptly from the ion source or region of the electron beam.

As seen from Eq. (3), r(max) is dependent directly upon E,. Figure 3 graphically
indicates the ratio of r(max)/r, using typical operating conditions employed by
Stuckey and Kiser as an example. For a resonant C1>~ ijon, the maximum radius of
the non-resonant C1™ ions is about 0.015 cm at E, = 1.0 V/cm when a constant
magnetic field of 5010 G is used. Thus, the non-resonant C1~ ions execute very tight
rosette patterns and remain essentially with the electron beam.

Figure 2 gives an indication of the ion trajectory of a resonant ion in the first
0.01 ms in the omegatron. The flight time of the ion to the detector 1, distant from
the electron beam is approximately given by

t = 2Br,/E, )

so that for E, = 1.0 V/cm, a flight time of about 0.14 ms is required (see Fig. 4), and
this is independent of m and q. Longer flight times can be effected by decreasing E,,.
For an ion of M/z =44 f = 175 kHz and w, = 1.1 x 10% s~ and the ion will make
about 25 revolutions in a field of 5010 G to reach the detector.

The resolution of the omegatron varies directly with B? and r,, and inversely
with E, and m/q. In order to maintain r(max)/r, at a small value, E, must be held at a
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0 10 20 30 Fig. 4. Flight time of resonant ions in the ome-
£, (v/ecm) gatron mass spectrometer. (After Stuckey239),)

low value. Lower 1f field strengths permit less energy to be derived from the 1f field
per revolution, so that a longer path length and better resolution result. However, the
sensitivity also depends upon E,. Thus, for the experiments performed by Stuckey
and Kiser with an omegatron that was essentially a General Electric ion resonance
spectrometer”"), the selection of E; = 1.0 V/cm provided good sensitivity and
reasonable resolution. B and r,, were fixed by the experimental apparatus used?8),
The resolution varied inversely with m/q and was about 45 at Mz =45 (ie.,

p = 2000 at M/z = 1). This resolution was adequate for the study of the two isotopic
species of Br2~ (M/z = 39.5 and 40.5).

The arrangement of ion-trapping plates used in the omegatron for the selection
of positive or negative ions is shown in Fig. 5. By use of a trapping potential the ions
are held in a potential well. Negative ions are selected for study by the application of
a suitable trapping voltage. The dc potential is applied to the plates in a manner
closely related to that used by Sommer, Thomas and Hipple?”®). By applying a
negative dc voltage to two plates symmetrically placed on either side of the electron
beam, not only are the negative ions held in the plane of the detector to increase
sensitivity but also positive ions can be removed from the ion beam. This trapping
technique has been employed to reduce axial loss of ions in several omegatron de-
signssz’ 273, 311, 317) The resonant ions are then recorded as a result of neutraliza-
tion at the detector; non-resonant ions held in the vicinity of the electron beam only
slowly drift to the trapping plates for removal from the cool plasma.

resonant
ion path

r.f.

roen / plates
app ng/ / Fig. 5. Selection of positive or nega-

plates T - tive ions by means of a trapping po-
detecto tential in the omegatron mass spectro-
" meter. (After Stuckey230).)
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The trapping voltage has essentially no effect on the resolution. However,
different optimum voltages exist for positive and negative ions. For positive ions, the
optimum was found by Stuckey and Kiser to be about +0.2 to 0.3 V, whereas for
negative ions it was found to be about —1.0 to —1.5 V. The effect of the trapping
potential on the ions extracted and detected is shown in Fig. 6 for 0* and 0~ ions
formed from carbon monoxide. Stuckey?®? also noted that there is a slight
frequency shift between otherwise nearly identical positive and negative ions. Similar
findings also have been reported by Llewellyn!®3, This shift has been attributed to
space charge effects.

Stuckeyzso) has pointed out that metastable transitions would not be observed
in the omegatron under common operating conditions. Consider an ion in a resonant
ion path being spiraled outwards. The daughter ion formed as the result of a meta-
stable transition somewhere along its trajectory will not be in resonance with the rf
field. As a result, it will be unable to continue to derive energy from the rf field so as
to reach the detector. It will continue in a circular orbit with a radius dependent
upon (1) the kinetic energy acquired by the mother ion from the rf field prior to the
transition and (2) the ratio of the m/q values of the daughter and mother ions. Since
the lifetimes of many species that will undergo a metastable transition are < 1075 s,
this radius will commonly be much less than r,. Over a period of time, the kinetic
energy of the daughter ion will be degraded through collisions and ultimately return
to the vicinity of the electron beam.

Closely related to the omegatron mass spectrometer is the ion cyclotron reso-
nance (ICR) mass spectrometer. Sommer and Thomas?7? devised the ICR mass
spectrometer by combining the techniques of nuclear magnetic resonance absorp-
tion*® and the basic omegatron, Wobschall, Graham and Malone3°°~31V and
Henis'3? have described the ICR spectrometer in detail and indicated its applica-
tions to the study of ion-molecule reactions and of negative ions. Baldeschwieler and
Woodgate!3 14 have reviewed ICR spectroscopy and included discussions of the
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double resonance technique. The use of ICR spectroscopy has become very impor-
tant in many studies of gaseous ions; several other recent publications'?%: 178 are
avaijlable that review ICR spectroscopy.

As noted, the omegatron and the ICR spectrometers are very similar, particularly
with respect to the method of producing ions. Sommer and Thomas?”? modified
the basis of ion detection from collection at an electrode to the use of ion cyclotron
resonance absorption. But, as Wobschall, Graham and Malone3°% 310 point out, the
main difference is that the ion production region and the measurement region are (or
can be) separated in the ICR spectrometer, but not in the omegatron.

The theoretical treatment of ion trajectories in the omegatron by Berry”) led
him to the conclusion that the omegatron will not exhibit peaks due to harmonics.
That is, ions other than those of an m/q dictated by the cyclotron frequency of the
ion in resonance cannot continue to gain energy without limit. Unlike the cyclotron,
where particles of mass m, 3m, 5m, etc., can appear at the accelerating gap at the
proper time to receive energy, the particles are in the accelerating field at all times in
the omegatron, and therefore no harmonic effects exist. Stuckey and Kiser28% 281)
made a special effort to search for harmonic peaks (see below) and were unable to
observe any. The results of an ICR observation of Z2~ species (vide infra) essentially
rule out harmonic effects.

Stuckeyzso) recognized that the residence time of a non-resonant ion is suffi-
ciently long to become an important feature of the omegatron. The formation of the
doubly-charged negative ions was attributed primarily to this long residence time.
Stuckey neither predicted nor measured the residence times of non-resonant ions.
However, this author estimates (from experimental data2°?) for similar species) a
drift velocity of some 2 x 1075 to 2 x 10® cm/s for positive ions with a negative
trapping potential of —1.0 V/cm for pressures of about 3 x 10~ Torr. Thus, ions of
the opposite charge will require of the order of 1078 stodriftto a trapping plate
some 0.4 cm distant (on the average). Ions of the same charge as the trapping poten-
tial will remain much longer.

B. Experiments and Discussion

The size of the basic omegatron chamber used by Stuckey and Kiser was 4.62 x 3.16
x 1.57 cm; the latter dimension defined the length of the axial electron beam. Elec-
trons were obtained thermionically by ac heating of a 0.0025 x 0.076 cm rhenium
ribbon. Mass spectral measurements were made with a nominal electron energy of
70 eV at jon source pressures of the order of 10~° Torr from samples introduced
through a gold leak. A trap current of 2 microamperes was commonly used, with the
electron trap biased 3 V positive with respect to the chamber. The ion source was
operated at 250 °C and was baked at 400 °C. A General Radio type 1001A signal
generator was used together with a Keithley model 610A electrometer and a per-
manent magnet of 5 kG.

The detector used was a 0.5 mm thick stainless steel blade that extended less
than 0.1 cm through the grounded plate into the omegatron chamber. A constant
speed (3 rpm) motor and gear reduction train was used to vary the vernier control on
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the General Radio signal generator and thereby sweep the frequency output of the
signal generator. The rf frequency was read from the panel meter of the signal gener-
ator and was monitored continuously with a Tektronix model 515 oscilloscope. The
rf signal generated was an exponential function of distance (typical correlation co-
efficient = 0.99987) on a 10-inch 0—10 mV Brown strip chart recorder. Spectral
tracings were reproduced to better than + 2 % of the intensity in successive traces;
successive traces superimposed indicated no perceptible variations in frequencies (or
drive motor speed).

That doubly-charged negative ions exist is recognized from Fig. 7. Ions at
M/z = 17.5 and 18.5 (total of about 2.1 pA) due to >3C12~ and 37CI*~, and at
M/z = 9.5 (0.25 pA) due to '?F2~ are detected upon formation from CF5Cl in the
omegatron. An '°F~ ion current of nearly 2 pA also is observed in this partial mass
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8 10 15 Fig. 8. Partial negative ion mass spectrum of car-
M/z — bon monoxide at 70 eV. (After Stuckey229).)
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spectrum. Note that in Figure 7 a somewhat higher value of E, = 1.5 V/cm was
employed to increase the sensitivity. Figure 8 shows the O~ and 02~ ions formed in
the ion-pair formation region from carbon monoxide in the omegatron. In similar
manner, the omegatron experiments of Stuckey and Kiser detected the doubly-
charged negative ion F?~ formed from CF,, CF,Cl,, CF3Br, CF3CN and C,F5CN,
the 02~ jon also formed from 0, in air, and the CI>~ ion (both isotopes) formed
from CF,Cl,, CFCl;, CCly and CH3PSCl,. The two isotopes of the Br?~ ion
formed from CF3Br were detected in the approximate ratio of 1 : 1. Also, these
investigators detected the doubly-charged diatomic CN2~ jon formed from both
CF3CN and C,FsCN. As will be discussed below, SF52~, and SF¢2~ jons have been
observed in the negative ion mass spectrum of SF, but only after a re-examination
of the original data.

This brief survey of the observation of doubly-charged negative ions must be
accompanied also by the recognition that Z2~ species were not observed in all com-
pounds examined by Stuckey and Kiser. For example, Stuckey and Kiser found only
the F~ ion formed from PF4, only F~ and O~ ions formed from POF3, and only
POCl, ™ and C1™ ions (and possibly a very small amount of POCl3 ™) formed from
POCl;. In each instance, a search for the appropriate X2~ or Z2~ ion was unre-
warded. The positive ion mass spectra of these compounds were observed to contain
numerous ions, and these included several doubly-charged positive ions.

It has been seen from Figs. 2 and 4, and from Eq. (4), that the flight time of the
ions to the detector is of the order of 0.1 ms. Therefore, the lifetimes of all of the
X2~ species observed must be of this same order of magnitude. Obviously the 0%~
ion observed from CO cannot be that state with a lifetime of 5 x 1071 s calculated
by Herrick and Stillinger!3®, Since the early work of Stuckey and Kiser, other
investigators also have observed doubly-charged negative ions. Their observations and
experiments will be described and discussed later; however, their results indicate that
the lifetimes of the X2~ species are > 1075 s.

It is important to attempt to understand the mode of formation of the doubly-
charged negative ions. Singly-charged negative ions are formed typically in a relative-
ly low energy region by resonant electron capture

AZ+e—> AZ" (5)
and/or dissociative resonant capture
AZ+e—>A" +Z ©®

Negative ions also are formed by electron bombardment in an jon-pair formation
process at rather higher electron energies %7

AZ+e—>A"+Z +e @)

Therefore it was essential for Stuckey and Kiser to determine the ionization effi-
ciency curves for the negative ions, both singly- and doubly-charged, that they had
observed. These investigations would yield additional information about the forma-
tion of the long-lived doubly-charged negative ions.
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The result of such a study of the CN~ and CN2~ jons formed in the mass
spectrum of CF5CN is shown in Fig. 9. The CN™ formed by the dissociative resonant
capture process is the peak centered at just over 1 eV. The CN™ ion-pair formation
process is observed to begin at an electron energy of about 11 eV. (The energy scale
is uncorrected in Fig. 9.) By investigating the intensity of the M/z =13 jon as a
function of the electron energy, E,, the CN?~ ion formation was found to occur in
the ion-pair formation region where CN™ ions also were observed. However, to the
limit of detection sensitivity for the M/z = 13 ion, no CN?~ formation was observed
in the resonant capture region at about 1 eV.

Investigation of the effects of pressure also should yield data useful in character-
izing the mode of formation of the doubly-charged negative ions. No detailed study
of the pressure dependence of CN?~ and CN™ ion intensities was made by
Stuckey?®®, although he noted the negative ion intensities were attenuated at
higher pressure. However, this author notes that, from the data in Fig. 9, the inten-
sity ratio of CN2~/CN™ in the first 5 eV or so above threshold in the ion-pair forma-
tion region is linearly dependent on the CN™ ion intensity and independent of the
electron energy. This observation suggests that the intensity of the CN2~ jon is de-
pendent upon the square of the sample pressure.

Consider the possible ion-pair formation process

CF3CN+e——>CF; " +CN™ +e ®)
for which the intensity of the CN™ ion is given by

[CN~1=k[CF3CN][e] ©)
Also it is important to consider the three-body electron attachment

CN™ +e+CF3CN —> CN2~ + CF;CN (10)

for which the intensity of the CN?~ ion is given by
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[CN2=]=K'[CN~ I[CF5CN]le] (11)
The ratio of the CN?~ jon intensity to that of the CN~ ion is then
[CN?>~)/ICN~ 1= (K'/k)ICN] (12)
in agreement with the experimental observations. The CN?~ jon intensity is given by
[CN?~] = k'k[CF;CNT?[e]? (13)

which indicates that the CN?~ jon intensity is to be dependent upon the square of
the CF3CN sample pressure and upon the square of the electron beam current.

A different result was found from the ionization efficiency curves for CF,. The
dissociative resonance capture formation of F~ from CF4 was found to have a
maximum intensity at 7.1 eV (uncorrected). Dibeler, Reese and Mohler®® indicate
this process occurs at 4.5 + 0.3 eV. The ratio of the ion currents of the F2~ and F~
ions formed in this resonance region was found to be essentially independent of the
F~ intensity 289, in contrast to the observations just discussed for CN2~ from
CF3CN in the ion-pair formation region.

The effect of electron beam current on the ion intensities was investigated in
some detail for the negative ions produced at 70 eV from CF;C1%89, Figure 10
presents the data determined for electron trap (beam) currents of 2, 3 and 4 micro-
amperes. It is observed that the F~ ion current increases according to the first power
of the trap current. Also clear from Fig. 10 is that the C12~ jon current increases
more rapidly than the F~ ion current. Although not many data are available to be
considered here, reasonably straight lines that pass through the origin are obtained
for the 35C1~ and for the 37CI*~ data when the square root of the ion current is
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plotted as a function of the electron beam current. The plot of the F~ ion current as
a function of the electron beam intensity also yields a straight line passing through
the origin. However, the plot of the square root of the F~ ion current as a function
of the electron beam current does not yield a straight line, and if one does attempt
to pass a “best straight line” through the data, that line does not pass through the
origin. Clearly, the CI2~ ion current from CF5Cl, even as predicted for the CN?~
ion current from CF;CN, exhibits a dependence on the square of the electron beam
current.

This result holds equally well for other Z>~ ions studied. Fig. 11 summarizes a
more extensive study of the square root of normalized ion intensities of both the
02~ jon (from O, in air) and C1>~ (from CCly) as a function of the electron beam
current, It is clear that, over the region of electron beam currents employed in this
study, the Z2~ ion intensities depend upon the square of the electron beam inten-
sity. That is, the mechanism of the formation of the Z2~ species must involve the
attachment of two electrons. Since the Z2~ jon has two electronic charges, this is
not a surprising result.

C. Mechanisms and Explanations

A mechanism that would have two electrons captured simultaneously by AZ to form
Z?~ and A was dismissed by Stuckey and Kiser as highly improbable. In substantia-
tion of that conclusion was the fact that no doubly-charged negative ions had been
noted in previous negative ion mass spectrometric studies of these compounds, even
with electron beam currents greater by nearly two orders of magnitude than the
electron beam current used by Stuckey and Kiser.

Stuckey and Kiser?®!) noted that the observations of the Z*>~ ions were unique
to the omegatron (at that time), with its characteristic of trapping ions and electrons
in a relatively cool plasma about the electron beam axis. This feature provides the
opportunity for many reactions to occur in the omegatron source. Ions not in
resonance with the rf field could form other species which, if they then possessed the
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cotrect m/q ratio, may become resonant and be detected. Therefore, several other
mechanisms were considered that recognized the unique characteristics of the omega-
tron.

A more general mechanism for the production of Z2~ from AZ may be formu-
lated; the singly-charged negative ion production may occur by a dissociative re-
sonant capture reaction

AZ+e—>7Z +A (14)
and/or an ion-pair formation process
AZ+e——>7Z +A" +e (15)

and this may be followed by electron attachment of the Z~ ion to form the Z?~
ion:

7" +e+AZ—>Z2 +AZ (16)

Stuckey and Kiser considered this and related mechanisms and recognized that Z~ in
its ground state would not bind an electron when Z is F, Cl, Br, O or CN. Therefore,
they concluded that it was very unlikely that Z2~ formation occurs by a simple
electron-capture process with the ground state of 27, i.e.,

I~ +te+> 7% (17)

even in the presence of a third body. Necessarily, then, an excited state of Z~ must
be involved, and therefore it is convenient to consider a step involved in the for-
mation of some Z™* species, such as

I +Q——>Z"*+Q (18)
where Q is some third body, so that the electron attachment process
Z7*+e+Q——>727+Q (19)

may occur and the 7%~ jon might be bound with respect to Z™*. In some ways this
is similar to He™ formation from He™* discussed earlier.

There is a difficulty involved in employing Reaction (18) for a neutral Q species.
Although the excitation energy in forming Z™* from Z~ is unspecified, we shall see
later that it is of the order of the electron affinity. This energy may well be > 2 eV,
and therefore Reaction (18) is less likely than a process whereby an excited Z~*
species might be formed directly by reactions equivalent to those given by
Reactions (14) and (15).

Stuckeyzso) also considered two other mechanisms. One involved the formation
of a compound negative ion by reaction with a third body

Z-+Q —>[Qz (20)
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and the subsequent dissociative electron capture by the compound negative ion to
yield the Z2~ species:

[QZ 1*+e——=>Z%~+Q 2}

Using arguments concerning the electron beam energies, Stuckey found that this
mechanism could be employed to explain the experimental observations.

The other mechanism considered involved the reaction of two negative ions with
charge transfer occuring to form the doubly-charged negative ions, e.g.,

CN” +F- —>CN?~ +F (22)
and/or
CN~ +F~ —>F?~ +CN (23)

for the experiments that were conducted with CF;CN, or
Cl~ +Cl- —=>C1?>~ +Cl (24)

in the studies of CCl,.

Not discussed was the possibility of positive ion interactions with negative ions.
Of the three mechanisms considered, Stuckey and Kiser discarded that one involving
simple electron capture by Z~ in its ground state, as noted above. But they believed
that the other two possibilities described should be retained for further consideration
and subjected to additional experimental tests.

Another experimental finding by Stuckey also must be explained by any satis-
factory mechanism for the formation of the doubly-charged negative ions. The low
energy ionization efficiency curves obtained?®® for SF¢~, CI~ and CI°~ from a
mixture of SFg and CCl, are shown in Fig. 12. The same C1™ and C12~ ion intensity
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dependence on electron energy was observed when pure CCly was used. Correcting
the energy scale by assigning the peak maximum for SF¢~ equal to 0.0 AR
the peak maxima for the C1~ ions occur at 0.1 eV and 1.0 V. The full width at
half-maximum for SF¢~ is 0.45 eV, and principally reflects the energy distribution
of the electron beam; that for the more intense CI~ peak is 0.70 eV, and for the
other C1~ peak is 1.0 eV. The ratio of intensities for these two resonant capture C1~
peaks is 2. These results may be compared with differences of < 0.6 to > 1.0 eV for
the separation of the two CI~ peaks, and ratios of < 1. to ca. 10. reported in the
literature 1% 53—55, 57, 110, 141, 193, 246) The intensity ratio has been shown to be
temperature dependent''% 141, The C1?~ jon data mimic the CI™ ion data, al-
though exhibiting an intensity of only about 2 % of that of the Cl™ ions in this
energy region.

Within the experimental errors in the measurements, the intensity ratio of
C1*>~/CI~ from the SF4—CCl, mixture was found to be constant and independent of
the Cl1™ intensity over the range shown in Fig. 12. This result is in agreement with
that found for CF, in the dissociative resonant capture region, as mentioned above,
and differs from the observations of CN2~ formed in the ion-pair formation region.
Further, whereas the C12~ /C1™ intensity ratio is constant within each of the capture
peaks, the C1>~ /C1™ ratio for the peak at 1.0 eV is twice as great as the C12~/CI~
ratio for the peak at 0.1 eV. Stuckey?8? offered no explanation of this feature and
it was not mentioned by Stuckey and Kiser?®") in their brief report of the discovery
of doubly-charged negative ions.

As indicated carlier, Berry’s treatment of the jon trajectories in the omegatron
indicates that harmonic effects do not exist>®. Many investigators have used and
studied the omegatron mass spectrometer as a leak detector?” 27®), partial pressure
analyzer> 60 170:248,317) '3 a5 a residual gas analyzer?!» 180, 238, 247, 294, 295,
300, 304, 305) No note has ever been made concerning the experimental observation
of harmonic peaks by any of these workers.

Edwards!®" has investigated the properties of a simple omegatron. Steckel-
macher and Buckingham??”) have reported on the design and evaluation of a pre-
cision omegatron system. Brodie® 1) has studied ion resonance mass spectroscopy
using magnetic scanning rather than using the usual fixed magnet method. Hebling
and Lichtman!29 employed an omegatron to study fragmentation patterns and
appearance potentials. Masica'®® has investigated the use of a simple omegatron
with additional trapping voltages. Klopfer and Schmidt!”!> 172 have considered the
omegatron and its characteristics in detail for the quantitative analysis of gases. None
of these workers report the observation of any harmonic effects.

Llewellyn’ 83)

meter, also makes no comment on harmonics. Morgan, Jernakoff and Lanneau
designed and developed an ion resonance mass spectrometer (an omegatron) that is
essentially the same instrument Stuckey and Kiser employed. They, too, make no
comment concerning any harmonic effects. Redhead?*%) observed oscillations in the
electron trap current of an omegatron and McNarry2°%) has investigated these oscil-
lations related to the ion plasma confined by a magnetic field. These oscillations
were found to be independent of the frequency and are not to be confused with
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harmonics. All of these experimental findings are in accord with the theoretical treat-
ment2,

In summary, no evidence has ever been presented for harmonic effects in the
omegatron mass spectrometer. Stuckey and Kiser explicitly state that they were
unsuccessful in detecting any harmonic effects. They point to several experimental
results which negate any resort to “harmonic effects” to explain the peaks the ob-
served and attributed to X2~ jons. Three of these are:

(1) They utilized the oscilloscope to monitor continuously the rf frequency
applied to the omegatron field plates and were unable to detect any harmonics
present in the applied rf field;

(2) they made a careful effort to observe CN2~ in the dissociative resonant
capture region of CN~ from CF3CN and could not detect the CN?~ ion there, but
did detect the CN2~ jon formed from CF;CN in the ion-pair formation region (see
Fig. 9); and

(3) they examined the mass spectrum of air in the M/z = 6 to 9 region with an
intermediate trapping voltage that permitted observation of both positively- and
negatively-charged ions. These data are shown in Fig. 13. Clearly observed are both
0% and 0%~ ions, but only the N?* jon; an N2~ jon is not observed. If the 0%~
(M/z = 8) peak were to be ascribed to a harmonic effect, surely that same effect must
cause a peak to occur where N2~ (M/z = 7) is to be expected.

The conclusions drawn by Stuckey and Kiser were as follows:

(1) The ions observed at M/z = 17.5 and 18.5, at M/z =9.5, and at M/z = 39.5,
and 40.5 are due to C1°~, F2~, and Br?~, respectively. Further, the ions found at
M/z = 8.0 in the study of the oxygenated compounds and at M/z = 13.0 in the in-
vestigation of CF5CN are due to 0%~ and CN?~, respectively;

(2) the observation of the Z>~ ions cannot be atrributed to harmonic effects;
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(3) the lifetimes of these doubly-charged negative ions are of the order of
0.1 ms;

(4) the formation of the doubly-charged negative ions are to be attributed to a
unique characteristic of the omegatron and very likely excited states are involved in
their formation and account for the long lifetimes;

(5) the Z?~ ion intensities depend upon the second power of the electron beam
current; and

(6) although several mechanisms could be discarded as inadequate or unlikely, at
least two mechanisms remained as possibilities for further consideration.

As shall be seen in the following pages, experimental evidence to support the
existence of these, and other, doubly<harged negative ions has recently been re-
ported. And it is considered quite probable that many other doubly-charged negative
ions remain to be observed under the appropriate experimental conditions.

Fremlin!'® recognized the importance of the experiments of Stuckey and
Kiser, but was concerned with the possibility that the observed peaks might be arti-
facts produced by excitation of harmonics in spite of Stuckey and Kiser’s comments
about the non-existence of harmonic effects.

Fremlin proposed two mechanisms in an attempt to account for the observations
of Stuckey and Kiser. In essence, both of these mechanisms were attempts to invoke
harmonic effects. The second mechanism proposed did not appeal even to Fremlin,
and since ICR experiments®”>) have detected doubly-charged negative ions also (see
discussions below), it can now be eliminated from further consideration.

The first mechanism suggested by Fremlin contains several assumptions, contin-
gencies and uncertainties. If neutral atoms are formed as Fremlin suggests, and these
neutral atoms are the basis for the Z2~ jon observations, then “Z2~ ions” should be
observed at all electron energies where any negative ions are formed, and for the
resonant frequencies of all negative ions. These predictions are not in agreement with
the experimentat facts reported by Stuckey and Kiser28,

Fremlin’s retarding potential experiment and pulsing experiment are both worth-
while suggestions; Stuckey and Kiser had not investigated these, for they had not
found any harmonic effects. Nonetheless, these experiments should be conducted to
provide additional evidence that the mechanisms Fremlin considered are not opera-
tive. The pressure dependency experiments, suggested by both Fremlin and Stuckey,
are needed. Baumann, Heinicke, Kaiser and Bethgez"” 34) and others have conducted
qualitative pressure studies, but more detailed investigations would be desirable.

Chupka, Spence and Stevens®?, in recognizing the fundamental importance of
the long-lived doubly-charged negative ions reported by Stuckey and Kiser, also have
expressed the belief that the observed ion peaks may be experimental artifacts.

Although few details of their experiments are provided, Chupka, et al. indicated
that they were unable to obtain any evidence for the existence of X%~ ions from I,
HI, CF;Cl, CH;! and an H, -1, mixture with an electron bombardment source and a
double-focusing mass spectrometer of 280-cm radius. Apparently they did not
recognize that the omegatron source is not a simple electron bombardment source.
Thus, their experiments did not adequately duplicate the omegatron experiments (or
the ICR experiments, to be discussed below) and cannot be interpreted as indicating
that Z?~ ions do not exist.
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Since the discovery of doubly-charged negative ions by Stuckey and Kiser, a
number of other investigators also have reported observations of Z2~ species. It is
appropriate to consider their experiments and observations. Also, it is instructive to
compare the species observed and the proposed methods for formation with those
reported by Stuckey and Kiser, for this gives additional insight into the mecha-
nism(s) of formation of the doubly-charged negative ions.

III Observation of Doubly-Charged Negative Ions from a Penning Source
Using a Conventional Mass Spectrometer

In 1971, Baumann, Heinicke, Kaiser and Bethge26) reported that they had detected
doubly-charged negative ions during an investigation of the properties of negatively
charged atomic and molecular ions produced from a Penning source. The mass
spectrometer employed was a 60 ° magnetic sector with an electric field positioned
after the magnetic sector to deflect the ion beam to one of two Faraday cup detec-
tors. This first confirmation of the existence of doubly-charged negative ions merits a
detailed review, particularly with respect to the ion source employed, the experimen-
tal approaches and the results obtained.

A. Penning Ion Source

F. M. Penning?3* 239 designed an ionization gauge to operate at and measure
pressures down to about 107 Torr. In 1949, Penning and Nienhuis?3” reported
the design of a substantially improved *‘Phillips Ionization Gauge”, also commonly
referred to as a “Penning Gauge”24%). These ionization gauges, particularly the im-
proved design that used a cylindrical anode rather than the original loop anode, were
the basis for the cold-cathode Penning ion source, first described by Penning and
Moubis239), In the Penning and Nienhuis gauge the discharge space is enveloped by
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the electrodes and is no longer affected by the metallic layer deposited on the glass
walls by cathode sputtering. A schematic diagram of this type of ion source, with
radial ion extraction, is shown in Fig. 14. It is seen that there is at least a superficial
resemblance of this source and the omegatron design described earlier.

Ton collisions at either of the cathodes cause secondary electron emission. These
electrons are accelerated by a sizeable potential drop toward the center of the anode
but are constrained by the magnetic field to pass through the anode cylinder rather
than travelling directly to the anode. The paths of electrons not initially normal to
the anode axis are necessarily helical. As the electrons pass through the anode they
are stowed down and reflected before the other plane cathode. Thus, the electrons
are caused to execute oscillatory helical trajectories back and forth through the
cylindrical anode, The trajectories of the electrons have been considered by
Hull 15%). As a result of the use of a magnetic field, the electron paths through the
gas in the source are much longer (more than 100 times the distance between the
two cathodes?*?) than if no magnetic field were present, and the probability that
they will cause ionization and undergo electron attachment is very high.

The discharge can be maintained with a voltage of about 2 kV in a magnetic field
of some 400—1000 G at pressures <€ 10~ Torr. The large surface area of the
cathodes provides a substantial current. Although sputtering limits the life of the
Penning source, careful choices of electrode materials and discharge support gases
can permit these sources to have useful lifetimes of the order of several hundred
hours'3®, Lorrain'®%), Keller '¥, Bohm and Giinther*®, and Bethge, Heinicke
and Baumann3% 13% 131) have studied and designed improved versions of the
Penning ion source for various applications. Lorrain'®%) has pointed out that there is
a similarity of this type of ion source with that devised earlier by Maxwell'®?. Also,
as Dushman and Lafferty®® point out, the inverted magnetron due to Redhead?4%)
has efficient electron trapping in the discharge region and is related to the Penning
ion source.

B. Experimental Arrangement and Techniques

The specific Penning ion sources employed in the study of the doubly<harged nega-
tive ions have been described®> 3% 13% 131) 1p 3 typical experiment involving a
study of Te?~ 3%, the operational parameters of the Penning source (developed
further from the basic design of Keller'69) were as follows: tellurium vapor was fed
into the discharge maintained at about 10~3 Torr by hydrogen gas. An arc voltage of
1.8 kV, an arc current of 50 mA, and a magnetic field of about 400 G were em-
ployed. Ion energy spreads of such an ion source are typically of the order of 10 eV
or more.

The ions produced in the dense plasma of the Penning ion source are extracted
and, after acceleration through a 20 kV potential drop, are focused by passage
through an arrangement of einzel lenses and deflected by the magnetic field, as
shown in Fig. 15. The pressure in the accelerating and analyzing regions was less than
about 5 x 10~° Torr?® 39, With a resolution of about 150, the electrically un-
deflected ion beam was detected by Faraday cup 1. When electrical deflection was
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Fig. 15. Experimental arrangement used by Baumann, Heinicke, Kaiser and Bethge in the
observations of doubly-charged negative ions26)

employed the ion beam was detected by Faraday cup 2, inclined about 15 ° to the
ion beam axis.

A magnetic field is used to provide momentum/charge-analysis of the ion beam
according to the expression

mv = qrB (25)

where m is the mass and q is the charge of the ion moving in a circular path of radius
r in the magnetic field, B. The angle of deflection of an ion by the magnetic field is
given by

9 = gsB(2mT)~ %3 (26)

where s is the length of the arc of the circular path of the ion in the magnetic field
and T is the kinetic energy which the ion acquires in the accelerating system by
passing through a potential drop of V,

T=mv%2=qV (X))
Alternatively, Eq. (26) may be written as
8 = sB(q/2mV)®° (28)

For a fixed magnetic deflection angle, the peaks observed in the mass spectrum
may be identified from values of B, r and V with :

m/q =B2r?2v (29)

Figure 16 presents the mass spectrum obtained with iodine in the Penning ion
source and no electric deflection employed. The peak observed at M/z = 63.5 may be
due to I~ and/or to the daughter ion of a metastable transition occurring prior to
the magnetic sector,
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Fig. 16. Mass spectrum of iodine obtained by magnetic analysis. (After Baumann, Heinicke,
Kaiser and Bethge26).)

I,m —>I(D)" +I (30)

designated as I(D)™ by Baumann, et al.2%),

The peak detected at M/z = 127 principally is due to I, but may contain a small
contribution due to the daughter ion of the metastable transition

Iy~ —=>LMD) +1, (31

The peak at M/z = 254 may be composed both of I, ™ and I(R)™, the heavy product
of the electron detachment of an 1>~ ion prior to the magnetic sector,

P~ ——=1IR) +e (32)

The magnetic sector will not separate the possible components of the M/z = 63.5
peak or of the M/z = 254 peak. The Heidelberg group of Baumann, Heinicke, Kaiser
and Bethge?® used the electric deflection plates for a kinetic energy analysis in a
manner similar to that employed by several other investigators for studies of the
metastable transitions of ions! % 37 38, 78, 121, 168, 249, 260) w41y double-focusing
mass spectrometers. Here, however, Baumann, et al.2® electrically deflected the ion
beam perpendicular to the plane employed in the momentum analysis rather than in
the same plane,

With paraliel plates of length 1 in the x-direction (the direction of the ion beam),
separated by a distance d in the z-direction, a uniform electric field of

E=U/d (33)
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is formed by imposing a voltage of U across the deflection plates. The ion trajectory
then is given by

z = (E/4V)x? (34)

and is recognized to be parabolic in nature. At the point of exit (where x =1) from
this uniform electric field, the slope dz/dx is given by

dz/dx = tan ¢ = E1/2V (35)
so that the electric field deflection is given by

tan ¢ = Ul/2dV (36)
or, alternatively, by

tan ¢ = qUI/2dT = qUI/dmv? 37)

from which it is seen that the analysis is independent of the mass of the charged
particles but is dependent upon the kinetic energy of the ions.

The meaning of these expressions is made clearer by the following example. The
kinetic energy of an I, ™ ion accelerated through V is T. If the I, ion decomposed
according to Reaction (30), i. e., after its acceleration and passage through the einzel
lens, but before the momentum/charge-analysis, the I” decomposition product,
designated as I(D)™, has the same velocity as the undecomposed I, ™ ions but only
one-half of the mass of I,™ and so will be momentum/charge-analyzed along with
any I~ ions. Since the kinetic energy of (D)~ is T/2 whereas that of I~ is T, the
electric deflection will separate these two components of the M/z = 63.5 ion beam. If
a (critical) voltage of U, is required to deflect the I~ ions (of kinetic energy T)
through the angle ¢ to Faraday cup 2, then a voltage of U./2 will deflect the I(D)~
ions (of kinetic energy T/2) through this same angle. Thus, by varying the voltage U
across the deflection plates, the momentum/charge-analyzed beam may also be
energy analyzed.

C. Results and Discussion

The results®® of an electric deflection experiment for the momentum-charge-
analy zed negative ions of M/z = 63.5 formed from iodine added to the Penning
source are illustrated in Fig. 17. The example chosen above obtains in Fig. 17, and it
is observed that the M/z = 63.5 peak observed in the momentum/charge-analysis (see
Fig. 16) is composed of two major peaks, even as the above example indicates, and a
rather smaller third peak. The peak found at U.{2 is (D)™ and that at U, is due to
the doubly-charged negative iodine ion.

The much smaller third peak observed at 2U, in Fig. 17 is due to an apparent
increase in kinetic energy to 2T. This peak at 2U, is attributed to an electron detach-
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ment reaction of the I2~ ion, according to Reaction (32). An 1%~ jon, of kinetic
energy T and velocity v, that undergoes electron detachment after the einzel lens and
prior to the magnetic sector, will form the I~ ion, designated as I(R)™. The kinetic
energy of I(R)™ remains very nearly T. The momentum of the I(R)™ ion is the same
as that of the I~ ion. But since the charge of the I(R)™ ion no longer is equal to 2e,
it will not be transmitted by the magnetic sector at an angle of 8 that is the same as
that for I~ and I(D)".

However, these reactions are not limited to the first field-free region that follows
the acceleration and einzel lens region and precedes the magnetic field. Reactions
may occur in the magnetic (and also in the electric) sector, but these generally give
rise to very low intensity ionic contributions over a wide and near-continuous range
of apparent M/z and therefore are very difficult to detect and analyze''". We shall
neglect further consideration of these here. However, those reactions which may
occur in the second field-free region, between the magnetic and electric sectors, must
be considered.

For the I>~ ion that is accelerated and momentum/charge-analyzed with no
further reactions, a value of U will be required to deflect it through ¢ to Faraday
cup 2, as given by Eq. (37). If, however, 12~ detaches an electron in the second
field-free region, the charge on the resultant species is decreased. Thus, although m
and v are the same for I>~ and I(R)™, the values of q for these two species are not
the same. Since U is inversely proportional to q for a constant ¢, the decrease from
q = 2e to q = e associated with the process given by Reaction (32) means that i(R)™
formed in the second field-free region will be detected by Faraday cup 2 at 2U.

Similar arguments apply to the results (see Fig. 18) of the electric deflection
analysis of the M/z = 254 ion beam. Both I, and the I™ formed as a result of the
repulsive electron detachment from 12~ in the first field-free region (that is, I(R)™)
will be transmitted by the magnetic sector. Kinetic energy analysis of this ion beam
requires 2U,, to bring the I(R)™ species to Faraday cup 2 and U, to detect the I,
ion. Any I” formed by dissociation of 127 in the second field-free region, I(D)~,
will be detected at Faraday cup 2 by application of U./2 to the electric deflection
plates.
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Specific results for tellurium, similar to those shown in Figs. 16 through 18 for
iodine, have been reported by Bethge 34)_In this manner, Baumann, Heinicke, Kaiser
and Bethge?% 33) have detected 0%~ , F>~, C12~, Br*~, I?~, Te?~, and Bi*~
formed in their Penning ion sources. Bethge3¥ has noted that P2~ As>~ and Sb2~
have been found to exist also. Thus, this work appears to corroborate the existence
of the doublycharged monatomic species first reported by Stuckey and
Kiser28% 281) [t also provides additional information about the doubly-charged
negative monatomic ions, namely, (1) they do undergo the expected electron detach-
ment process, and (2) their intensities are affected by pressure.

Stuckey and Kiser did not report a pressure study, so that the qualitative results
of Baumann, Heinicke, Kaiser and Bethge?® and Bethge3* are quite important.
From Figs. 17 and 18 it can be observed that as the pressure in the beam handling
system is increased, the intensity of I(D)™ increases while the intensities of I(R)™
and 12~ decrease significantly. The same is true of the corresponding Te species>*).
This indicates that 1~ and Te?~ (and presumably all Z2~) ions undergo collision-
induced electron detachment even as the I,~ and Te, ™ undergo collision-induced
dissociation.

It is interesting to recognize that the beam currents of the Z2~ species reported
by Baumann, Heinicke, Kaiser and Bethgez(’) and Bethge 34) range from about
0.2 nA to greater than 2 nA, whereas those detected by Stuckey and Kiser were
several hundred times less intense, e. q., about 2 pA of the CI2~ ion were reported
formed from CF;Cl. Baumann, et al.2®) note that the Z2~ beam currents increase
with increasing mass of the elements involved and Bethge3® suggests as an explana-
tion that “a large shell system can easily be deformed to provide binding through the
induced dipole moment” for the Z*~ species.

Bethge 3 indicated in 1972 that he did not know either the electronic con-
figurations of the Z2~ species or the lifetimes of these doubly-charged negative ions.
However, he did suggest that the configurations resembled those of the alkali metals.
In a 1973 publication, Bethge# noted that since the jon flight times were
> 1077 s, the Z2~ lifetimes were > 10~7 s. In this report, Bethge noted the study
of Marmet, Bolduc and Quéméner'°? and suggests that two electrons must be ex-
cited simultaneously to form the Z2~ species.

120



Doubly-Charged Negative [ons in the Gas Phase

Of course, successful duplication of the experiments of the Heidelberg group
would be most welcome. Chupka, Spence and Stevens®® indicated several years ago
that they were attempting to use a Penning ion source and a double-focusing mass
spectrometer in an effort to verify the observations made by Baumann, Heinicke,
Kaiser and Bethge26); however, this author is unaware of any published results by
Chupka, et al., of the findings of their work. Nor is the author aware of a successful
application of doubly-charged negative ions in a tandem accelerator by Bethge and
co-workers.

In a recent review of the binding energies of atomic negative ions, Hotop and
Lineberger'53) report that D. Feldmann has been unsuccessful in using the same ion
source that Baumann, Heinicke, Kaiser and Bethge employed to produce a beam of
doubly-charged negative ions that could be used for photodetachment studies. Since
no experimental details and results have been published, it is impossible as of the
present to attach any significance to this report.

IV Other Observations of Doubly-Charged Negative Ions

Several other observations of a variety of doubly-charged negative ions have been
made by different investigators using different experimental approaches. The experi-
mental methods employed do, however, have some common bases. The experiments
described below involve different ion sources, but these can be classified into two
main categories: conventional Nier-type ion sources and relatively cool plasma
sources. The experiments of Ahnell and Koski® ), Dougherty®® and Bowie and
Stapleton®”) involve the Nier-type ion sources. The experiments of Schnitzer and
Anbar!® 255 256) and Stapleton and Bowie®’%), like those of Baumann, Heinicke,
Kaiser and Bethge%) and Stuckey and Kiser?8% 281 jnvolve plasma-type ion
sources, although of somewhat different types, temperatures and densities. The
following discussions will outline briefly each of the experiments and relate the inter-
pretations wherever possible.

A. Observation of F2~ with a Quadrupole Mass Spectrometer

Ahnell and Koski® 3 have reported the observation of F2~ jons from CF5Cl, one of
the molecules employed by Stuckey and Kiser?8% 281 tg study the F2~ ion. The
mass spectrometric instrumentation used by Ahnell and Koski® 3 differs from those
described above and therefore their observations and results merit careful considera-
tion.

Ahnell and Koski report using a monoenergetic beam of electrons
(40 mV FWHM) to bombard the target molecules in the ion source. The mass
spectrometric system was one designed to study ion-pair processes by detecting both
the M/z-analyzed positive and negative ions in coincidence. Svec and Flesch?3?) have
previously reported on such a system using sector magnetic field instruments. The
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mass spectrometers used by Ahnell and Koski were quadrupole instru-
ments’® 228 229) that could be employed individually or in coincidence.

The sample pressure, electron beam current, auxiliary magnetic field, and ion
residence time in the ion source are not stated and cannot be inferred from the data
given. As will be seen below, the details of the ion source are quite important in the
production of doubly-charged negative ions.

A figure is presented by Ahnell and Koski®) that clearly indicates the formation
of F2~ from CF5Cl at an electron energy of 100 eV. The M/z of this ion is 9.5 and
its relative abundance is approximately 8 % (F~ is the base peak in their negative ion
mass spectrum of CF5Cl1), although the intensity of the F2~ jon decreased as the
electron energy was decreased. Their value of 8 % for the F2~ jon compares favor-
ably with the relative abundances reported by Stuckey and Kiser. Also clearly
evident in Ahnell and Koski’s mass spectrum is the C1™ ion at M/z = 35 (ca. 27 %)
and M/z = 37 ca. 9 %). However, they failed to detect the C1?~ ion at M/z = 175 and
18.5, although Stuckey and Kiser easily detected C12~ (with relative abundances of
about 75 % for M/z = 17.5 and 25 % for M/z = 18.5 under the stated conditions) in
their studies with CF;ClL

In addition to F~, CI~ and F2~, the negative ions mass spectrum given by
Ahnell and Koski® indicates a peak at M/z = 27 and hints of the presence of CF~
and CIF™ ions. Possibly other species also are present, but the low resolution of the
mass spectrum shown precludes any attempt at definitive assignment by this author.
The presence of the M/z = 27 ion (possibly HCN™ ? ) with a relative abundance of
about 2—3 % in their spectrum is not commented on by Ahnell and Koski.

Ahnell and Koski note that they did not find F~ when CF, was used as the
target molecule in experiments similar to those they conducted with CF;Cl, whereas
Stuckey and Kiser did observe F>~ from CF, in the omegatron experiments. The
total cross section for ionization for CF;Cl is likely to be less than a factor of two
greater than that for CF,. Craggs and Massey®®) have reported data due to Marriott
and Craggs which indicate that the relative abundance of the F~ ion in the mass
spectra of these two molecules to be essentially the same; similar results have been
found by Hobrock!*). Dibeler, Reese and Mohler®® found the relative abundance
of F~ from CF, to be about four times the relative abundance of F~ from CF;CL
Dibeler and Reese®® measured the relative abundance of F~ from CH;F to be
about six times the relative abundance of CI~ from CH;Cl. Thus, the F?~ from CF,
should be observed, as also should C1*>~ from CF3Cl. The above investigators, as well
as Chait, Askew and Matthews>?, indicate that F~ is the base peak in the negative
ion mass spectrum of CFj. It is noted that Svec and Flesch?®?) did not report ob-
serving F2~ in their study of the positive and negative ions formed from chromyl
fluoride.

One possible explanation for this non-observation of F2~ from CF; by Ahnell
and Koski, bearing the above information in mind, is that the production of F?~
occurs via a different route in Ahnell and Koski’s experiments than in the omegatron
experiments by Stuckey and Kiser or in the studies by Baumann, Heinicke, Kaiser
and Bethge?% 33 3 ysing a Penning source.

It is concluded by Ahnell and Koski that their ““results indicate that the F?>~ ion
must be formed in an excited state by some indirect process in which a singly-
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charged negative ion reacts either with the parent molecule or some fragment of it”.
No other information is given concerning this conclusion.

Chupka, Spence and Stevens®® have made an effort to verify the observation of
doubly-charged negative ions produced by electron bombardment. Few details of
their experiments are given. They state that they attempted to duplicate the con-
ditions of the electron bornbardment experiments, and that they failed to find any
evidence of X2~ ions produced from I,, HI, CF5Cl, CH;I and mixtures of H, and
I,. They conclude that they have established a lower (upper ? ) limit for the inten-
sity ratio of X27/X™ of < 10~ !, If their experiments did duplicate those of Ahnell
and Koski, then the observed M/z = 9.5 peak still requires an explanation, although
the lack of observation of C1*~ from CF5Cl and of F?~ from CF4 would be in
agreement with Chupka, Spence and Stevens. Further, a separate mechanism for
X2~ formation would be obviated. Additional experiments are required to clarify
and resolve these differences.

B. Obsetvations of Doubly-Charged Negative Ions with ICR Instrumentation

Stapleton and Bowie?”® recently conducted the first study of doubly-charged nega-
tive ions by means of ion cyclotron resonance (ICR) spectroscopy. The basic princi-
ples and techniques of ion cyclotron resonance spectroscopy are quite similar to
those of the omegatron, as noted above, although there are also two important dif-
ferences, i. e., direct measurement of ion current versus power absorption from the
exciting field at resonance, and the separation of the ion production and the ion
detection regions. Because of the great similarity, and also because of the specific
differences just cited, an ICR search for doubly-charged negative ions is of particular
importance to the omegatron studies described previously.

Stapleton and Bowie?”® found doubly-charged negative ions in their ICR in-
vestigation after an earlier search with a conventional magnetic sector mass spectro-
meter by Bowie and Blumenthal*® that was unproductive and then one by Bowie
and Stapleton®”) that was reported to be rewarding. In the following paragraphs the
approaches, observations and conclusions reached by Stapleton and Bowie from their
ICR study will be examined.

The instrumentation employed by Stapleton and Bowie was an ion cyclotron
resonance mass spectrometer that had been modified to permit computer control of
all drift voltages and to allow direct reading of the ion transit time (typically 1074
to 1073 seconds) similar to that described by McMahon and Beauchamp2°4). An
emission current of about 0.2 microampere and a nominal 70 eV electron beam
produced jon currents of 1072 to 10~ ! A at source pressures of approximately
10~% Torr. The mass spectra were measured by magnetic field modulation.

Double resonance and ejection spectra were measured as described by Goode,
O’Malley, Ferrer-Correia and Jennings*!% 129, These conditions were found to be
quite satisfactory and permitted Stapleton and Bowie?’%) to measure with greater
sensitivity the doubly-charged negative ions previoudy observed*” with their con-
ventional mass spectrometer (these experiments and results are discussed below) and
also to detect other doubly-charged negative ions they had not observed previously.
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Specific experimental information is given by Stapleton and Bowie?”%) con-
cerning the formation of CI2~ from CCl,; Stuckey and Kiser observed this ion from
the same compound in their original investigations. For an ion transit time of
0.15 ms at an ion current of 10~!! A and using a cyclotron frequency of 153.7 kHz,
the intensity of the C12~ ion was found to be about 9 x 102 that of the C1~ ion,
dependent upon the electron energy. Also, the power absorption of the C1° ~ ion was
noted to be dependent upon the CCl, sample pressure. The C1™ ion is present at
10~7 Torr, whereas the sample pressure had to be increased to 5 x 10~7 Torr before
the C1?~ ion was first observed. A maximum signal corresponding to C12~ was ob-
tained at 5 x 1078 Torr; at this pressure, the C12 ~/Cl™ ratio was 102 greater than
that observed at 5 x 10~ Torr in their conventional mass spectrometer with a trap
current of nearly 102 microamperes.

Stuckey and Kiser found in the omegatron studies that C1*~ ions were produced
from CCl, in both a low energy, resonant capture region (from about 0 to a little
more than 2 eV; see Fig. 12) and in a higher energy, C1~ ion-pair formation region
(above about 10 eV). Very similar results were found by Stapleton and Bowie?";a
maximum was found in the region of 1 to 3 eV (they found the CI2-/C1™ intensity
ratio to be 1072 at 2 eV whereas Stuckey and Kiser obtained a ratio of about
3x 1072 at 1 eV) and another maximum in the region of 35—40 eV which they
attributed to dissociative secondary electron capture. Stapleton and Bowie contrast
these results with those of Ahnell and Koski® who found, as has been discussed
above, a maximum F2~ (not C12~ as stated by Stapleton and Bowie) ion formation
at 70 eV.

A further group of results obtained by Stapleton and Bowie should be noted.
Even as Baumann, Heinicke, Kaiser and Bethge26) observed, Stapleton and Bowie
found that the addition of collision gases decreased the detected intensity of the
X2~ ijon. This was so for the C12~ ion formed from CCl,, and was analogous to the
behavior they observed?”® for the doubly-<charged negative ions from p-nitro-
benzoic acid in their conventional mass spectrometer. Stapleton and Bowie conclude
that this observation discounts the operation of a collision mechanism involving a
neutral species in the formation of the doubly-charged negative ions. Further
comment on this point will be made later in the discussion of the mechanism of
formation of the doubly-charged negative jons. Also, their>’") studies using double
resonance and cyclotron ejection techniques showed that the C1~ and C1>~ ions
from CCl, are coupled. This finding substantiates the earlier suggestions of Stuckey
and Kiser with regard to the formation of the Z>~ jons from the Z~ ions based on
the ionization efficiency curves.

Finally, in addition to the observation of C1>~ from CCl,, Stapleton and Bowie
also observed formation of both SFs?~ and SFg2~ in small abundances from SFg.
Stuckey and Kiser employed SFg¢ as an energy scale calibrant in their investigations of
the energetics of the singly- and doubly-charged negative ions, but did not report any
SFs2~ or SF¢2 ™~ ion formation. In their negative ion study of pure SF in the
omegatron, Stuckey and Kiser noted peaks at 54 and 63 kHz that corresponded to
M/z = ca. 146 and 74, respectively. Two much smaller peaks (relative abundance of
about 510 %) at 107 and 124 kHz also were observed in the spectrum. Because of
the rather poor resolution at these high M/z values, these ions corresponding to
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M/z = ca. 74 and 64, respectively, were not discussed in the published

works28% 281) However, a review by this author of Stuckey’s original data estab-
lishes that the peaks at 124 and 107 kHz are attributable to SFs?~ and SF,% -,
respectively. These data corroborate the reported observations of SFs2~ and SF¢2~
by Stapleton and Bowie. Stuckey’s 70 eV positive ion mass spectrum of SF exhibits
peaks due to SFs* (100.), SF,* (10.), SF3* (30.), SF;* (10.), SF52* (40.), SF4%*
(5.) and SF* (10.) ions; values in parentheses are the relative abundances. In this
same study, Stuckey also noted that as the pressure of SF4 was increased the nega-
tive ion intensities decreased. It should be recognized that no SF5>~ or SFg2~ was
reported by Herzog'*® in the negative ion mass spectrum of an SFg—H, O mixture
using a monopole mass spectrometer; however, Herzog used a Nier-type ion source in
his study; use of a quadrupole ion trap might produce different results.

It was noted earlier that the experiments reported by Chupka, Spence and
Stevens®¥ did not duplicate the ion source conditions of the omegatron experi-
ments?3% 281), Similarly, the studies of Chupka, Spence and Stevens did not dupli-
cate the conditions of the ICR experiments of Stapleton and Bowie.

C. Reported Observations of Polyatomic Doubly-Charged Negative Ions

Based on the argument that a large separation of the two charges would substantiaily
reduce the Coulombic repulsion and thereby increase the stability and lifetime of a
doubly-charged negative ion, Dougherty®® examined the negative ion mass spectra
of several polyatomic molecules. The compounds included in his investigation were
benzo[cdlpyrene-6-one (7), perinaphthenone (II), and cyclo-octatetraene (III):

TP L
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Only in the negative ion mass spectrum of the benzo[cd]pyrene-6-one was a peak
observed that could be assigned as due to a doubly-charged negative ion. Interest-
ingly, this ion was observed at M/z = 254.5 and the parent molecule has a nominal
molecular weight of 254, The peak at M/z = 254.5 was consistently observed on a
shoulder of the pressure-broadened parent negative ion peak at M/z = 254 and was
interpreted by Dougherty as due to an ion of M/z = 509/2, where 509 is ascribed to
the '3C-isotopic component of the dimer of I. Any doubly-charged negative ion of
the dimer of I, of course, would have M/z = 254 and be indistinguishable from the
singly-charged negative ion of the monomer of /.

Let us take the isotopic abundances of '2C (0.98888) and !3C (0.01112) and
compare the observed and expected relative intensities of the results for which data
are available (the data given do not warrant inclusion of the isotopic species of
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hydrogen and oxygen.) From the data presented in the figure given by Dougher-
ty®®, it is clear that the relative intensities of the ions at M/z = 254 and 255 in the
positive ion spectrum correspond closely to those expected for the species
12¢,0H,,0" and 13C12C gH,,0".

The relative intensities of the peaks at M/z = 254 and 255 in the negative ion
spectrum do not correlate well with those expected for >C;oH,,0™ and
13¢12¢,.H,,07 ; however, they do correlate rather well with 120.6H,00,~ and
130,12054H,00, if it is assumed that peak height is a direct measure of the ion
intensity (i. e., there are no cross-contributions of the intensities of peaks, or that the
resolution exceeds ca. 500.) With this same assumption the intensity of the
M/z = 254.5 ion agrees very well with that to be expected for 13C'2C3;H,00, ™.

On the basis of assignment of the M/z = 254.5 peak as due to 13¢12¢4,H,60,2 7,
essentially all of the intensities of the M/z = 254, 254.5 and 255 peaks are due to
CagH,00;,, the dimer of 7, and there is very little or no intensity in the

M/z = 254—255 region that is to be ascribed to a singly-charged negative parent ion
of the benzo[cd]pyrene-6-one molecule.

This agreement between the calculated and observed isotopic compositions and
intensities for the M/z = 254, 254,5 and 2535 peaks attributed to the doubly-charged
dimer of I causes one to give more credence to Dougherty’s claim that these ions are
due to a doubly-charged polyatomic negative ion. The lack of any similar observa-
tions for the other structurally related molecules (7 and /I7) he studied and the lack
of two strongly electronegative or electron-withdrawing groups in the monomer of /
(although two carbonyl oxygen atoms would be present in the dimer of I) diminishes
this credibility somewhat. As will be discussed below, preliminary theoretical calcula-
tions suggest that the CsHg 2~ ion may be found to exist in the gas phase.

In summary, Dougherty®® has observed a peak in the negative ion mass
spectrum of benzo[cd]pyrene-6-one that he attributes to the doubly-charged negative
ion of the dimer of I. Isotopic abundances appear to agree with this assignment.
However, no other information is available to substantiate this assertion or to assist
in the characterization of this ion and its formation. A thorough reinvestigation of
these three molecules by other techniques and/or instrumentation would be most
helpful in assessing Dougherty’s observations and conclusion,

As mentioned earlier, Bowie and Blumenthal*®) had searched unsuccessfully for
doubly-charged negative ions with a conventional mass spectrometer that employed a
Nier-type ion source. Bowie, Hart and Blumenthal*® also modified this spectro-
meter to provide for metastable transition and kinetic energy release studies by the
electric sector voltage variation technique!®® 24, Many other studies?®” of nega-
tive ion mass spectra have not reported the observation of any Z>~, AZ*>~ or more
complex doubly-charged negative ions. Recently, however, Bowie and Stapleton*”
employed a conventional double-focusing Nier-Johnson geometry mass spectrometer
to observe an intensity ratio of the doubly-charged molecular ion to the singly-
charged molecular ion, M2~ /M~, of 10~3 from p-nitrobenzoic acid at an accelerat-
ing potential of 3.6 kV. This and the other doubly-charged negative ions they ob-
served must have lifetimes of at least 1077 s in order to reach the detector.

The methods employed in these studies are basically those of kinetic energy and
momentum/charge analyses, as used in metastable transition studies!®® 24%). The

126



Doubly-Charged Negative Ions in the Gas Phase

approach is similar to that employed by the Heidelberg group, and Eq. (25) through
(29) apply here as well. The kinetic energy analysis discussed earlier (Eqgs. (33)
through (37)) is effected in a somewhat similar manner, but with cylindrical electric
sector plates rather than the parallel plates; thus, the ion beam is deflected in the
x—Y plane rather than in the z-direction. An electron beam of nominally 70 eV was
used and the pressure in the first field-free region between the acceleration field and
the electric sector was approximately 3 x 10~5 Torr.

The —E/2 spectra, in which the M~ , (M—H)?~, NO,2"and other Z%~ ions
were detected by Bowie and Stapleton, are negative ion mass spectra recorded with
an electric sector voltage of 1/2 of that required to transmit ions that have acquired a
kinetic energy of T by means of full acceleration through the potential drop V.
Therefore, negatively-charged species that have only 1/2 of the kinetic energy given
by Eq. (27) are transmitted through the electric sector. As an example, an NO, ™
(M/z = 46) ion that undergoes an electron attachment after acceleration through V
to form an NO,?~ ion (M/z = 23) will have a kinetic energy of T, = T/2, where T is
the kinetic energy that a primary NO,>~ ion would have upon achieving full accelera-
tion through V. The apparent M/z of the NO,?~ ion formed by attachment is
232/46 = 11.5 upon momentum/charge analysis in the magnetic sector. This M/z
value is observed for the NO, 2~ species shown in Bowie and Stapleton’s Fig. 1. Dis-
quieting, however, is the apparent mis-labeling of the abscissa for the M2~ and
(M—H)?~ peaks shown in the same figure.

In addition to several doubly-charged polyatomic negative ions, Bowie and
Stapleton*” found €12~ produced from CH;Cl, CHCl; and CCl, and Br?~ formed
from CH3Br and CHBr5. They also detected I~ formed from CH3I. These X2~
ions were produced in small abundance, whereas the doubly-charged polyatomic
negative ions were more intense. Although triatomic NO,2~ jons were formed from
the nitrobenzoic acids (and from p-dinitrobenzene, a result not found in the earlier
study by Bowie and Stapleton*®)), no indication is given of the formation of any
diatomic CN2~ ions from the cyanobenzoic acids. However, both the cyano- and the
nitro-benzoic acids were found to yield M2~ and (M—H)?~ jons.

A host of principally aromatic organic molecules that contain one or more
electron-withdrawing substituents were scrutinized for doubly-charged negative ion
formation. A 'large fraction of those examined were not found to form either
fragment or molecular doubly-charged negative ions. Bowie and Stapleton generalize
that benzenoid derivatives with two electron-withdrawing substituents attached
directly to the aromatic ring are unable to form doubly-charged molecular anions; a
few exceptions to this (p-dinitrobenzene and the cyano- and nitro-benzoic acids) are
noted.

p-Nitrophenyl-butanoic and -pentanoic acids, and their methy! esters, were
found to provide the largest abundances of M?~ions in Bowie and Stapleton’s study.
From a study of the analogous 4-{p-nitrophenyl) cyclohexylcarboxylic acid (and
ester, they concluded

(1) that a stabilization occurs in the first-mentioned compounds “because
suitable coiling of the side chain enables the charged centers to interact”, and

(2) that, in general, the two charged sites should be at least 7—8 A apart.
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In the various polyatomic molecules they examined, M2~ and (M—H)?~ ions
were produced from acids and esters, but only (M—CHj)?~ ions were formed from
the ethers.

A pressure study was made by Bowie and Stapleton to learn something of the
mechanism of formation of the doublycharged negative ions. They considered the
collision-induced reaction

Z-+M——>72 +M* (38)
and the simple electron capture process
- +e—>7%" (39)

and concluded that since they found the Z2~ current to increase as the sample
pressure of Z was increased in the source, the low energy electron capture process,
thought to occur just inside the entrance to the electric sector, was the more plausi-
ble explanation. A maximum intensity of Z2~ was located at about 4 x 10~5 Torr,
and at higher pressures of Z the current of Z2~ was found to decrease; this decrease
they ascribed to collisional scattering. Moreover, addition of a collision gas, M, into
the first field-free region (after the acceleration region and prior to the electric
sector) caused a decrease by about a factor of two in the intensity of Z>~. This
decrease was not strongly dependent upon the nature of M (He, Ar and toluene were
employed).

This author has some difficulty with the mechanism for formation of the
doubly-charged negative ions suggested by Bowie and Stapleton. Stuckey and Kiser
previously discussed and eliminated the simple electron capture process (compare
Reactions (5), (17) and (39)) that involves Z~ in the ground state. The suggestion by
Bowie and Stapleton that the source of secondary electrons for capture via Re-
action (39) is due to Z™ ions striking the sector plate is open to question. If the ion
beam current of Z~ was as great as 107!% A in their experiments, very low currents
of the proposed slow electrons would be formed (only about 1076 of the electron
beam current). To obtain doubly-charged negative ion currents six orders of magni-
tude less than that of the Z~ species would require a very large capture cross section.
And the reason for a sector voltage of —0.506E rather than the expected —0.500E
for transmission of the Z2~ ions is unclear, particularly since their calibration is
stated to be + 0.0002E. Therefore, the conclusion drawn, that this establishes that no
translational energy gain is involved, is open to some question,

It is difficult to interpret the experimental findings of Bowie and Stapleton as
other than the detection of Z2~ species. However, the mechanism of the formation
of the doubly-charged ions requires further study and testing in the opinion of this
author. The unsuccessful search for X2~ ions reported by Chupka, Spence and
Stevens is in disagreement with the observations of the X*~ ions with an electron
bombardment ion source by Bowie and Stapleton. Since so little experimental infor-
mation and results were provided by Chupka, Spence and Stevens, the extent of this
disagreement is uncertain. Additional experiments should assist in clarifying these
points.
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Dudley, Cady and Crittenden®® studied the negative ion mass spectra of a
variety of fluorine-containing molecules using a double-focusing mass spectrometer
of Nier-Johnson geometry and found that in all of the molecules they investigated
there were fewer, and less intense, peaks than in the positive ion spectra of those
compounds. Further, they noted that the negative ion mass spectra were inferior to
the positive ion mass spectra in yielding parent molecular ions for the compounds
examined. However, of interest to this review, Dudley, Cady and Crittenden list in
their Table 4 a relative abundance of 1.8 % for a species formed from N, F, that
must be interpreted (1) as NF,2~, or (2) as due to an impurity, or (3) possibly as a
typographical error.

A careful reading of Dudley, Cady and Crittenden’s report indicates no com-
ments by the authors concerning this ion. For each of the other molecules summa-
rized in this table, the positive ion spectrum contains the AF,2* species. Although it
is possible that the 1.8 % belongs in the previous column which lists the intensities of
the positive ions formed from tetrafluorohydrazine, the mass spectra of Ny Fy re-
ported by Herron and Dibeler'3?, by Loughran and Mader'8®), and by Colbum
and Kennedy®* contain no evidence for the presence of NF,2* formed from N, Fy.
Thus, the typographical error interpretation is not considered very likely.

Dillard®® has postulated that this M/z = 26 species may be due to CN™ pro-
duced from an impurity in the sample used. No detail concerning the source or pre-
paration of the N, F, is given, and therefore Dillard’s suggestion remains viable.

The species NF,?~ would necessarily have at least one electron in an anti-
bonding orbital and this, together with a Coulombic repulsion of about 10 eV
(assuming the charge separation is about equal to the N—F bond length) and an N—F
bond energy of approximately 2.5 eV does not add strength to the interpretation of
the M/z = 26 ion as due to NF,2~.

This author concludes that at the present time there is insufficient evidence to
argue for the existence of an NF,?~ species. However, its similarity to the NO,2~
ion and the presence of the highly electronegative F atom suggest that additional
experiments be conducted in a effort to confirm the existence of an NF,2~ ion.

D. H?~ Formed in a Duoplasmatron Ion Source

The existence of the H2~ jon has been a controversial topic. Levy-Leblond”” has
“proven” on the basis of a geometrical consequence of the Coulomb Law that any
system of four particles with three equal and one opposite charge, regardless of the
masses involved, has no stable bound state. That is, the H~ ion, consisting of a
proton and three electrons, cannot exist. Avron, Herbst and Simon'? clearly take
issue with the Levy-Leblond statement when they say that there is no rigorous proof
that the H2~ ion has no binding. The existence of the H>~ jon is inferred from
several experimental observations.

Isoelectronic with He™, H2~ ions apparently have been formed in crossed ion
and electron beams. Walton, Peart and Dolder3% 393 measured the cross section
for H™ detachment using inclined beams of electrons and ions. They found a
pronounced structure in the detachment cross section at an energy of ca. 14.2 eV
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above the ground state of H™ that they attributed to the formation of a resonant
state of H2~ with a lifetime of about 1015 s. The lifetime estimate was obtained
using the uncertainty relation and was based on an observed structure width of
approximately 1 eV.

Taylor and Thomas?®% considered this resonance where an electron is absorbed
into H™ to form H?~. Using a stabilization technique, Taylor and Thomas found
that their calculations for the 2s22p! 2P° state of H>~ agreed well with the experi-
mental results of Walton, Peart and Dolder. Further, the calculations also showed a
possibility of another resonance at a higher energy with a largely 2p> wave function.
In additional experiments, Peart and Dolder?3? confirmed the structure they found
earlier at about 14.2 eV and found, in addition, the predicted second resonance at an
energy of ca. 17.2 eV relative to the H™ ground state. This latter resonance at
17.2 eV they suggested may be ascribed to the possible 2p> 2P? state of H>~ noted
by Taylor and Thomas. Thomas?®®) has since calculated that a state that is about
60 % 2p> and about 20 % 2s22p! exists with an energy of 17.26 eV. Dolder and
Peart®?) also recently reviewed these results.

Both of these resonances are very short-lived. A much longer-lived H2~ species
has been reported by Schnitzer and Anbar!® 255 256) Muych as with the short-lived
H2~ ion, the longerlived H?~ ion was not detected as such, but was inferred from
the experimental data. The work of Schnitzer and Anbar has been criticized ' 29%)
and additional experiments suggested. An assignment of the species studied by
Schnitzer and Anbar has been suggested®” and responses to the criticisms that in-
clude additional experimental findings have been offered by Schnitzer and
Anbar®59),

Schnitzer and Anbar’s experiments are rather similar to those of Baumann,
Heinicke, Kaiser and Bethgezﬁ). Both employed plasma ion sources; that employed
by Schnitzer and Anbar was a hollow cathode duoplasmatron. Also, both used einzel
lenses and momentum/charge analysis. But the different lifetimes of the doubly-
charged negative ions studied dictated somewhat different analyses, Baumann, et al.
used an electric deflection analysis after the magnetic sector, as already seen, whereas
Schnitzer and Anbar employed a Wien velocity filter and einzel lens voltage variation
prior to the magnetic sector.

Extraction and acceleration of the negative ions from the duoplasmatron was
accomplished with voltages of 5 to 15 kV. After passing through the einzel lens, the
ions encounter a 30 cm Wien velocity filter. The ExB field of this filter allows ana-
lysis based only on the ion velocity according to

qE = Bev (40)
so that ions of velocity

v=E/B @1
pass through the filter undeflected. The 90 ° magnetic sector between the detector

and the Wien filter then provides the momentum/charge analysis, as indicated in
Eqgs. (25) to (29).
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Schitzer and Anbar?*% conducted their experiments using both hydrogen and
deuterium. We shall consider only the hydrogen case here, since the results of the
deuterium experiments duplicated those of the hydrogen experiments. A primary
H?~ ion accelerated from the source through a potential drop of V will acquire a
velocity that is twice as great as a primary H, ™ ion and 295 that of a primary H~
ion both accelerated through the same potential drop. After passage through the
Wien filter and the magnetic sector, the primary H2~ jon is detected at M/z = 1/2
whereas the primary H,™ ion is detected at M/z = 2 and a primary H™ ion is detec-
ted at M/z = 1. Since the einzel lens acts as a low resolution kinetic energy/charge
analyzer,

T=qV, 42)

and both of these ions have acquired the same kinetic energy, both ions will be trans-
mitted at the same value of the einzel lens voltage, V..

Now consider an H,™ ion that undergoes a metastable transition to forma
secondary H™ ion, Hy~

H,” —>H; +H (43)
and an H2~ ion that undergoes autodetachment to form a secondary H™ ion, H,~
H2™ — > H,” +e (44)

after full acceleration but prior to passage through the einzel lens. The velocity of
Hg~ will be twice as great as that of H,™. The apparent M/z at the Wien filter for
both ions will be as above, but the apparent M/z of the H;~ ion in the momentum/
charge analysis will be 1/2 whereas the apparent M/z of the H,™ ion will be 2. And
the einzel lens voltage must be twice as great to transmit the H,~ ion as that re-
quired to transmit the Hy~ ion.

By varying the extraction voltages on the skimmer, einzel lens and Wien filter,
the ion currents due to the various species were detected and the H,™ ion due to
Reaction (44) was identified. Thereby, the existence of H2~ was inferred by
Schnitzer and Anbar.

Collisional detachment, i. e.,

H~™ —>H+2 ' (45)

was found to be a relatively unimportant decay channel of the H2~ ion. With the
assumption that the autodetachment process is a first order decay process for H2~,
changes in the potential on the skimmer permitted kinetic studies from which
Schnitzer and Anbar found the half-life on the H2~ species to be 23 + 4 ns. Also,
they detected some field-induced detachment by varying the potentials on the einzel
lens elements.

The results were duplicated when D, was employed in place of H, in the duo-
plasmatron; only the voltages and apparent M/z values were altered, and a D2~ jon
with essentially the same relatively long lifetime was inferred from the results.
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Pressure studies indicated a second power dependence of the H,™ ion current on
the pressure in the einzel lens chamber. Since similar effects were observed with Ar,
Ne, H,, Kr and Xe, Schnitzer and Anbar conclude that the effect is not one solely
involving H,. They concluded from these studies that the collisional effect is rela-
tively insignificant and that the primary effect of the pressure is to enhance the
initial production of H2~ jons and/or their extraction from the source.

A three-step mechanism for the production of H*>~ was proposed by Schnitzer
and Anbar that is consistent with their experimental findings:

Q+e—>Q" +2e (46)
Q"+H —>H*+Q" (CY))
H*+e+Q—>H?>"+Q (48)

where Q is a neutral gas.

That is, a fast Q" ion, formed by electron impact and accelerated toward the
plasma surface, excites the H™ ion to form H™*, and then the H™* ion reacts via a
third body electron capture process to form the H>~ ion inferred from the experi-
ments. Only the H?~ jons formed at the surface of the plasma could be accelerated
through the same potential drop as the primary H™ ions. Further, Schnitzer and
Anbar argue that since there is no significant change in the H,™ jon current as the
ion source pressure is varied, the formation of H2~ does not occur within the
plasma; rather, they conclude that the formation of H>~ occurs at the plasma sur-
face.

The states of H-, H™* and H?~ were not specified by Schnitzer and Anbar.
They do note that both the H>~ and the H™ precursor must be highly excited, a
condition that can be achieved by the ion-ion collision in the second step of their
mechanism [Reaction (47)]. The efficiency for the ion-ion collision is expected to be
relatively high because of the cross section for this process. Thus, Ar should be better
than He. However, since Ar is so much heavier than H, Schnitzer and Anbar argue Ar
will be less efficient; this argument is necessary in order to explain the observation
that the H,™ ion current exhibited less than a second order dependency on the argon
pressure in the lens chamber.

Durup®” has provided an electron configuration assignment for the H2 "~ species
with a lifetime of 23 ns as reported by Schnitzer and Anbar. He suggests that this is
the 2p3 #8° state of H2 ™, a state that is symmetry-forbidden both with respect to
decay to the 1 s2 H™ state [Reaction (44)] and with respect to decay to 1 s' H
[Reaction (45)]. Further, Durup notes that this state could radiate only through a di-
electronic transition to the electronic double continuum. Durup indicates that the
2p® H?~ ion configuration may be viewed as purely 2p,2p,2p, and there would be
less Coulombic repulsion between electron pairs in this than any other conﬁguratlon
involving 2p electrons. He finds that the metastability of the 2p> 480 state of H2-
would mean that the energy of this state is lower than that of the 2p! H atom, and
that this H atom could bind two other 2p electrons.
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Vestal’s2%9) criticism of Schnitzer and Anbar’s interpretations centered on the
possibility that double charge exchange processes might occur in the einzel lens.
Vestal suggested that experiments using other than the discrete energies of 2V, V and
V/2 be employed to test for collisional processes occurring in the drift region and
einzel lens. Also suggested was a variation of the voltage rather than use of discrete
settings of the Wien filter. Schnitzer and Anbar?5®) performed these additional
experiments and concluded, based on the experimental results they obtained, that
the charge transfer process did not account for their observations. The criticisms of
Aberth'), more extensive than those of Vestal, were concemned with many of the
same points and with the importance of the pressure effects. Schnitzer and
Anbar’s?56) additional experiments and findings on the pressure studies, included in
the above discussions, reportedly excluded the double collisional processes as signifi-
cant contributors to the observed H™ ion currents.

It appears that doubt still lingers concerning the existence of a long-lived H?~
ion. It is of particular importance that other investigators repeat these experimental
studies and report their findings. There are many similarities in the experiments of
Baumann, Heinicke, Kaiser and Bethge and the experiments of Schnitzer and Anbar.
It has been reportedls‘"’) that Feldmann has been unable to repeat the formation of
doubly-charged negative ions with the same apparatus used by Baumann, Heinicke,
Kaiser and Bethge, and serious questions have been raised ! 2% about the inter-
pretations given by Schnitzer and Anbar to their experimental observations. Indeed,
if instrumental artifacts associated with the use of the einzel lenses are the cause of
the observations of Schnitzer and Anbar, these should be experimentally determined.
Independent experimental verification both of Schnitzer and Anbar’s observations
and of the findings of Baumann, Heinicke, Kaiser and Bethge would significantly
diminish the doubts expressed.

The ICR experiments of Stapleton and Bowie have verified many of the obser-
vations of Stuckey and Kiser. Additionally, several groups have reported doubly-
charged negative ions formed either in the ion source or in the accelerating region or
in the electric sector of various types of mass spectrometers that used electron
bombardment jon sources. Therefore it is now fitting to examine the possible states
of these ions and to discuss mechanisms which might exist for the formation of the
doubly-charged negative ions.

V Electronic States of Doubly-Charged Negative Ions

At present no experimental data are available that give direct information concerning
the electronic states of the doubly-charged negative monatomic or molecular ions
that have been observed. However, data are available that may be utilized by extra-
polation and applied to the consideration of a few of the doubly-charged negative
monatomic ions. The electronic structures of the diatomic and polyatomic AZ?~
ions may be considered by employing quantum mechanical calculations. Both of
these approaches shall be adopted in this attempt to understand more fully the
doubly-charged negative ions.
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Many types of extrapolations of spectroscopic data for isoelectronic species have
been proposed previously in the attempt to obtain electron affinities for a variety of
species. In the present efforts, the equation offered by Glockler! !9 is used in con-
junction with term differences for a variety of spectroscopic states in isoelectronic
sequences,

To obtain some information about the electronic states of the molecular species,
calculations with the extended Hiickel theory (EHT) have been made for several of
these molecular ions. Lowe'®”) has applied qualitative molecular orbital concepts to
the electron affinities of a number of polyatomics and Younkin, Smith and
Compton®!® have employed semiempirical methods in considering the electron
affinities of a group of conjugated organic molecules, In this work, the Hoff-
mann'#6~14%) EHT treatment is employed; VSIP values obtained from a Hartree-
Fock-Slater approximation are used and the Mulliken-Wolfsberg-Helmholtz arith-
metic mean is chosen for the Hamiltonian construction. Although it is recognized
that the EHT calculations have certain limitations, the use of the EHT approach is
justified by the ease and speed of the computations to provide zero th order approxi-
mations and some additional insight, particularly in view of the lack of any other
information.

Since some guidance in the EHT molecular calculations and interpretations is
afforded by an understanding of the atomic systems, the monatomic Z*~ species
shall be examined first.

A. Monatomic Z2~ Species

Until the fairly recent development of photodetachment and other techniques, the
electron affinities of atoms were usually only poorly determined from electron
impact studies. Consequently, numerous attempts were made to employ a variety of
extrapolation procedures with data from within a given isoelectronic sequence in an
attempt to obtain more reliable values or estimates where no experimental data
existed.

Since there is no direct information yet available for the doubly-charged negative
ions, it is necessary at this time to use similar extrapolation techniques. Bartlett'®
and Braunbek®® employed a linear extrapolation, but Glockler''®) provided a very
useful empirical approach that employs a simple quadratic equation. Other methods
of estimating electron affinities have been reported by Allred®, Bates>?), Bates and
Moiseiwitsch?", Baughan?®2~2%, Crossley and Coulson?® 7, Edlen®® 100),
Geltman!!¥), Ginsberg and Miller! 1%, Glockler!!?, Glockler and Sausville!18),
Iczkowski and Margravelss), Johnson and Rohilich!6% 161), Moiseiwitsch?19),
Sheehan?®V), and Wu*'?, Zollweg>'® has commented upon the utility of many of
these extrapolation techniques.

It has been indicated by Bates and Moiseiwitsch®!> 2!?) that the original
Glockler equation is rather satisfactory when considering the energy difference of
two bound terms, as suggested earlier by Bates2®). The Glockler equation“ﬁ) re-
presents the energy as a quadratic function of the charge, z,

E=zazZ +bz+¢ 49)
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and may be written for the energies of term differences for the first three members
of an isoelectronic sequence to evaluate the constants a, b and ¢, i. e.,

22 2t 20
32 3t 30
42 4! 4O

EQ2)
E(3)
E(4)

From Eq. (50) it is found that

Y

[E(2) — 2E(3) + E(4)]/2
— [7EQ2) - 12E(3) + SE(4)]/2
6E(2) — 8E(3) + 3E(4)

(50)

€30

Therefore, for extrapolations to singly-charged negative species

E(1) = 3E(2) — 3E(3) + E(4)

(52)

and for two-step extrapolations to doubly-charged negative ionic species

E(0) = 6E(2) — 8E(3) + 3E(4)

(53)

The source of spectroscopic data for the various electronic states of the different
neutral and positive ion species in isoelectronic sequences uniformly has been the
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Fig. 19. Selected energy levels in the
oxygen and sulfur systems, as deter-
mined from isoelectronic sequences
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tabulation by Moore?!3), With these data, extrapolations have been made with the
appropriate isoelectronic sequence to give the results indicated in Fig. 19 for O~ and
02~ and S~ and S2~. The electron affinities (see Table 1) for O and S and the ex-
cited states?!® of O and S are experimental values; all other values were obtained
using Egs. (52) and (53).

Two important points are to be noted. First, both 0?~ and $?~ have one or
more states that are estimated by Eq. (53) to lie below the np® (n+1)s and np*
(n+1)p manifolds for O~ and S~ respectively. Second, the np? (n+1)s and np*
(n+1)p manifolds for O™ contain states that are calculated from Eq. (52) to lie only
slightly above the ground state of the respective neutral atoms. This is just as
suggested earlier by Bates®® and employed by Bates and Moiseiwitsch??. In the
absence of any experimental data, it is not unreasonable to suggest that one or more
states of the respective manifold may actually exist below the P ground states of O
and S. For purposes of discussion, it is supposed that the np* (n+1)p *P? is just such
a state.

The formation of 0>~ might then proceed as follows. A low energy electron
attaches to the 3P ground state of the oxygen atom to form O~ (2p5 2P°).

0 (2p* *P)+e ——> 0~ (2p° 2P9) (54)
This ion may be excited to the *P? state of O™,
0~ (2p° 2P%) + Q ——=> 0~ = (2p*3p! “PY) +Q (55)

Of course, the states suggested here are not be only ones possible; for example, in
Reaction (55) a 2p*3p’ *S state might be formed. Bearing in mind the earlier
comments concerning the formation of Z~ ions from AZ molecular species and the
difficulties with the subsequent formation of Z™* ions from Z~ by a neutral Q
species in Reaction (55), the O~ * might be formed in a more direct process such as

0Z+e—=>0"*(2p*3p! *PO)+Z (56)

The product O~ * is LaPorte-forbidden to decay radiatively to the 2P0 state. This
metastable 4P? state of O~ would be expected to have a rather long lifetime. Elec-
tron attachment to the excited *P° state may then yield the triplet 2p°® 3p’ 3p[1/2],
state of 0%~

0~* (2p*3p' *P%) + e ——> 0%~ (2p°3p’ 3pl1/2]y) (57)

If a 2p*3s! 48 state of O~ * is involved, electron attachment may yield a 2 p#3s*3p’
589 state of 0%~

Excited states involving 3d orbitals were considered also in these extrapolations.
It was found that the 3d orbitals do not appear to be involved with the lighter
elements that were treated, although they begin to have some influence in the phos-
phorus system. Presumably any d orbital involvement will become more important
with the heavier elements.
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Interestingly, extrapolations by this author with the Glockler equation using
Ar(l), K(II) and Ca(1II) excited state data®'® yields the prediction of doubly-
excited Feshbach states of Cl~ at about 8.5, 8.6,9.9, 10.0 and 11.4 eV relative to
Cl. These extrapolated results are in good agreement with energies calculated by
Matese, Rountree and Henry!?® using configuration interaction, and with the experi-
mental results of Cuningham and Edwards”?) who collided C1~ jons extracted from a
duoplasmatron with hydrogen and helium gas targets.

An identical sequence of reactions may be proposed for the $2~ formation:

S (3p* 3P)+e ——> S~ (3p® 2PY) (58)
S~ (3p° 2P%) + M —> S+ (3p*4p! PO +M (59)
S—* (3p44p 14p0y .+ e — > 82 (3p54p! 4p[1/2]0) (60)

with the analogous possibility for the more direct formation of S™* according to
SZ+e—>S* (3p*ap! ‘PO +Z (61)

Of course, Reactions (54) and (58) may be replaced by reactions that involve an
appropriate dissociative resonant capture to yield the same ground state of O™ or
S-.

It is important to recognize here that the excited states indicated are specified
only for convenience in this discussion. They are plausible, but there is no direct
evidence that these are the specific excited states involved in the formation of the
doubly-~charged negative ions. Further experiments will be necessary to establish the
electronic configurations of these excited states.

The above mechanisms for the formation of 02~ and $2~ are plausible and
explain the observation of 02~ and $2~ by Stuckey and Kiser and by Baumann,
Heinicke, Kaiser and Bethge. They specifically involve excited states both of Z~ and
of Z2~ . And the lifetime of the Z~* would permit significant concentrations of Z~
to be formed in a plasma source, such as found in the omegatron or the Penning
source. However, it is anticipated that only much lower concentrations of Z™*
would be formed in the Nier-type ion source employed in most conventional mass
spectrometers. It is unlikely, therefore, that the above mechanisms can satisfactorily
account for the observation of F2~ formed from CF3Cl, as reported by Ahnell and
Koski®, or the various Z?~ species reported by Bowie and Stapleton‘”).

One might wish to continue these isoelectronic sequence extrapolations to the
cases of Se?~ and Te?~, species observed by Baumann, et al. However, the absence
of sufficient spectroscopic data does not permit such calculations at this time. There-
fore, the arguments for these species must be based on analogy and chemical similar-
ity to the earlier chalcogens. Possible d orbital involvement is unknown at this time,
and therefore simply has been neglected.

Analogous extrapolations are, however, possible for the P~ and P>~ ions. The
results are quite closely related to those found for the O and S cases discussed above.
P~ is estimated to have a manifold of excited states about 1.1 eV above the 3P state,
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even as noted by Bates and Moiseiwitsch?!); these states are the 3p34p! 3P,5P and
the 3p34s ! 38°, 58°. In the calculations for P>~, which involve a two-step extra-
polation, it is found that a manifold of 3p®4p! states occur 0.4 to 0.9 eV above the
center of the P~* 3p34p!/3p34s! manifold. The lowest of these P2~ states is taken
to be the 4S°, although the extrapolations indicate that the 2D state of P>~, a 3p*
(®P) 3d' configuration, may lie nearly 1.5 eV lower than the *S state.

It is considered reasonable to utilize the same mechanism for P2~ formation; for
example,

P (3p> *S)+e—>P~ (3p" °P) (62)
and P~ (3p* 3P) +M —> P~ * (3p34p! 5P) (63)
or PZ+e—>P*(3p33p! °P) (64)
P~* (3p>4p' *P) + e —> P~ (3p*4p! *s%) (65)

Extension of these processes to similar mechanisms for the As? " ion and its
cognates would satisfactorily explain the formation of P%- As®~, Sb?- and Bi*-
observed by Baumann, Heinicke, Kaiser and Bethge26).

In the suggested processes for the formation of Z2~ species, the author has
attempted to indicate that the Z2~ species may be bound. Experimental verification
of this stability of the Z>~ ions is lacking at this time. However, it must be recog-
nized also that the energy requirement for the Z2~ species is not as important as is
the lifetime of the Z2~ species. If the Z?~ ion is formed in an excited state of high
multiplicity that has a sufficiently long lifetime against decay through the various
channels possible, then the Z2~ species may be observed even though it is not a
bound state. Nazaroff22!) has commented that as long as the negative ion does not
become “‘too unbound”, one can talk in terms of a negative ion; how much is “too
unbound” is not specified.

The doubly-charged negative halogen ions remain to be considered. Unfortu-
nately, there are insufficient spectroscopic data available at this time to treat the
doubly-charged negative ions of any of the halogens. Therefore, resort to analogy
again must be sought. With He™* as a model, and considering the above comments
on the 0*~, $2~ and P?~ ions, reasonable interpolation provides some enlighten-
ment concerning the properties of the doubly-charged negative ions of Group VII.

It would appear that since He™* is just bound, the heavier and more polarizable
noble gas atoms also may be bound. Indications given above suggest that 0% ~, $2~
and P2~ may be bound or nearly so. Interpolations to F>~ and C1>~ then would
indicate that the X2~ species also may be bound or nearly so. However, as noted
previously, it is more important that the X2~ species be formed in excited states of
high multiplicity to provide for long lifetimes of these ions. For this reason, and by
analogy to the He™* model, the observed X*~ ions are not expected to be found in
the np® (n+1) s! 'S states. Rather, the X*>~ species may have electronic configura-
tions such as np® (n+1)s! (n+1)p! #D, or even exist in sextet states as suggested by
Masseyl%).
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B. Diatomic CN?~ and Triatomic NO,2~ Species

The excited states of doubly-charged negative ions larger than monatomic are also of
importance in providing for long lifetimes of these species. Studies of the energy
stabilities of di-, tri-, and poly-atomic Z%~ ions involve molecular orbital treat-
ments, however, rather than the approaches just discussed for atomic Z2~ species. A
variety of semiempirical molecular calculation methods are possible.

The extended Hiickel theory calculations, used in this work and discussed below,
are based on the approaches of Hoffmann'46=149, Although VSIP values given by
Cusachs, Reynolds and Barnard”® 77 were explored for use as the Coulomb inte-
grals, the VSIP values obtained from a Hartree-Fock-Slater approximation by
Herman and Skillman’3%) were consistently used in the present EHT calculations by
this author. Both the geometric mean formula due to Mulliken?! 218) and Cusachs
formula”® were considered for the Hamiltonian construction, but the Mulliken-
Wolfsberg-Helmholtz arithmetic mean formula®!'7> 218: 313) was chosen for use.
Cusachs and Corrington?5) have compared various parametrizations for semi-
empirical molecular calculations.

The basic overlap integrals are calculated from the formulas given by Mulliken,
Rieke, Orloff and Orloff?!®; d orbital overlap integral formulas are those given by
Jaffe and Doak'57 158), (Two-center overlap integral formulas are given by
Lofthus!®¥.) Slater?®” exponents were employed. 1.875 was taken as the constant
rather than 1.75 in constructing the resonance integrals. No other scaling was used in
the calculations.

As is well known, geometries found with EHT calculations are rather good. Al-
though binding energies are somewhat less satisfactory, in this work it was deter-
mined that in the vicinity of the lowest unoccupied molecular orbital (LUMO) and
the highest occupied molecular orbital (HHOMO), the energies were reasonably good
and excitation energies (vertical and adiabatic) to the lower electronic states were
generally in good agreement with available experimental data. However, charge distri-
bution were pooily estimated, a general failing of the EHT approach.

The ground state configuration of the CN molecule is (30) 2 (40) 2 (17) * (50)*
23* (see Fig. 20). Schaefer and Heil?5? have discussed the electronic structures of
the low-lying states of the CN molecule. The HOMO can accommodate another elec-
tron to form the CN™~ ion. CN, a pseudo-halogen, has an electron affinity that is
among the highest known (see Table 1). The formation of CN™ by placing an elec-
tron in the 50 molecular orbital leads to an increased C—N bond strength and a
shortening of the C—N bond length. Addition of another electron to form CN?~
might then lead to a configuration of (30) 2 (40)% (17) % (50) 2 (2n)! 211, since the
electron would enter the antibonding 27 molecular orbital. The 2« virtual level is
found from the EHT calculations to lie only moderately higher than the 5o orbital.
Dogett and McKendrick®") have used LCAO-MO-SCF calculations with a Clementi
double-zeta basis set and find an electron affinity of 3.3 eV with Koopmans’
theorem!”® for 2=* CN to form the ! Z*CN™ ion.

In view of the electronic configurations of the monatomic species it appears
reasonable to believe that the electronic configuration of CN2~ is not that indicated
just above, but rather that it is (30) 2 (40) 2 (17) * (50) * (27) 2 i.e.,a T state.
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ENERGY (eV)

Fig. 20. Molecular orbital dia-
gram for CN based upon ex-
C CN N tended Hiickel theory calculations

ENERGY (eV)

Fig. 21. Molecular orbital diagram
for NO, based upon extended
Hiickel theory calculations
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The CN?~ jon could be formed in the omegatron source by excitation of the CN~
1* ground state to the Il state, and this CN™* could capture another electron to
form the *Z state (or, of course, CN2~ could be formed from the 3I1 CN~* state
produced directly from CF3CN by the analogous direct dissociative capture process).
The 50 orbital pairing energy would be saved and the half-filled 2 orbital could also
assist in decreasing the overall energy requirements. The diffuseness of the 27 orbital
also assists in reducing Coulombic repulsion. Thus, it is plausible that the CN2~ ion
exists in a quartet state, rather analogous also to the model He™* ion with the con-
figuration 1s!2s!2p! *P. As a result of the high multiplicity, the CN?~ ion may be
expected to have a fairly long lifetime against electron detachment.

The molecular orbital diagram for NO, is presented in Fig. 21. The ground state
configuration of the NO, molecule, (3a,)*(2b3)%(4a,)? (1b,)%(52,)*(3b,)?
(1a;)%(4by)? (6a,),is 2A,. The HOMO, 6a, , is essentially antibonding in nature.
This orbital can accomodate one additional electron to form the NO3 ion in the
1A, state. An excited state of 3B, lies above the 'A; state by about 3.5 eV. The
next electron to be added, to form NO,2~, may enter the rather high-lying anti-
bonding orbital indicated as 5b,. It might be expected that the ground state con-
figuration of the NO, %~ ion would be (3a,)2(2b,)?(4a,)? (1b;)*(52,)*(3b,)?
(1a,)%(4b3)%(6a,)? (2b,)"', a 2B, state. However, as suggested, the excited state
... (122)%(4by)*(6a,)'(2b;)'(5b;)! *A, may be formed rather than the ground
state. The 5b, orbital shown in Fig. 21 for NO, appears to be at a very high energy,
but the EHT calculations indicate the energy of this orbital is drastically lowered as
the ONO bond angle is decreased and the N—O bond is lengthened in forming the
NO,~ and then the NO,2™ jon.

In the EHT calculations for NO,*, NO,, NO,~ and NO,2~, the O—N—0 bond
angles were 180, 134.25,115.4 and 111 °, and the bond lengths were 1.154,1.197,
1.236 and 1.36 A, respectively. An adiabatic I(NO,) = 8.54 eV is calculated from the
total energies and a vertical I(NO,) =9.04 eV is obtained using Koopmans’
theorem! 7, The electron affinity of NO, is found to be substantially positive
whether the 'A;, 3B, or !B, states are involved. This large positive electron affinity
agrees qualitatively with the data of Table 1.

The results indicate that the NO, molecule captures an electron to form NO, ™.
The NO, ™~ ion may then be excited to the metastable 3B, state. More likely, the
NO, ™ * ion is formed directly in the electron capture process by NO,. In either
instance, the excited 3B, state can add another electron to form the . . . (6a;)"
(2b,)!(5b,)" *A, metastable state of NO,2~. Huber, Cosby, Peterson and
Moseley'S® have recently studied the photodetachment and de-excitation of vibra-
tionally excited NO, * that survives several hundred collisions with O,. The elec-
tronically excited metastable NO,2~ also is expected to have a relatively long life-
time. ‘

For both the doubly-charged negative diatomic ion, CN2~, and the doubly-
charged negative triatomic ion, NO,2~, the results of the EHT calculations suggest
that the mechanism for the formation of these species may be remarkably similar to
that proposed for the monatomic species. The molecule first acquires an electron to
form the singlycharged negative ion which then may be excited to form X™*; alter-
natively, the X™* species may be formed in the initial interaction with the electron.
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The X * ion, in tum, can attach another electron to form a metastable X%~ ion
with a fairly long lifetime.

It is of importance, therefore, to consider whether the principal components of
this same mechanism can also applied to doubly-charged negative ions formed from
polyatomic molecules.

C. Polyatomic Species

As discussed above, a number of doubly-charged negative polyatomic ions have been
reported by several observers. As the molecule becomes quite large, the problems due
to Coulombic repulsion are reduced by increased separation of charge. Thus, the
more important species to examine here are the smaller polyatomic molecules. In
particular, the reported SFs2~ and SF¢2~ are deemed interesting by virtue of the
fact that both SFs~ and SF¢~ are well known species in the gas phase.

Ahearn and Hannay? studied mass spectrometrically the decay of SF¢™ to
SF5~ and indicated that a longlived metastable state of SF¢™ was involved. Spence
and Schulz2™® considered the effect of temperature on electron attachment of
molecules at low (< 0.2 eV) energies. They generalized that for many polyatomics
the total cross section for negative ion production tends to an absolute maximum as
the gas temperature is increased, in agreement with Fox and Curran''®), Spence and
Schulz also postulated that a common SFg* ion is involved in decompositions that
yield F~, SFs~ and the stable SF¢~. Henis and Mabie!33 have studied an SFg™*
species formed by capture of very low energy electrons in an ICR spectrometer and
found its lifetime to be approximately 0.5 ms.

It might therefore be possible that an electronically excited SF¢ ™ * ion could
attach a second electron to form SF¢2~, particularly if a cool plasma ion source
were employed. Both Stapleton and Bowie?”® and Stuckey and Kiser have observed
the SF¢ %~ ion with the ICR and omegatron spectrometers.

The configuration for the ground state of SF,, determined with the EHT treat-
ment without d-orbital inclusion and using an S—F bond length of 1.585 A and Oy,
symmetry, is found to be . .. (1t54)® (1t54)® (5t14)¢ (1t1,)® (3eg)* 'E,. This
result agrees with the EHT calculations reported by Siegbahn, et al.2%%), Siegbahn
and co-workers compare CNDO and EHT calculations in considering the assignments
of the photoelectron spectrum of SF¢. Von Niessen, Cederbaum, Diercksen and
Hohlneicher?*®) have treated the electronic structure of SFy in detail. Their work
also summarizes many other theoretical studies of SF and provides a recent assign-
ment of the SFq photoelectron spectrum. The present EHT treatment indicates that
the 6ty virtual level of SFg lies very much higher than the 3e orbital, and one
might suspect that it could not capture an electron to form SFg ™. Yet the existence
of an SF¢ ™~ ion is very well established.

If it is assumed that the SF¢ ™ ion might have C,, (pseudo-Dsy,) symmetry, with
the same S—F bond length and an additional electron occupying an equatorial
position, one finds from the EHT calculations that the 16a, orbital arising from the
6ty virtual orbital of octahedral SF¢ has been dramatically lowered in energy. Yet
the electron affinity of SF based on Koopmans’ theorem'”® is not in close agree-
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ment with the experimental value. The resonant capture of SF¢ proceeds at essen-
tially O eV.

A similar calculation for the SF¢2~ jon in which the S—F bond length is kept
constant and C,y (pseudo-Dgy, ) symmetry is assumed, indicates that the energy of
the 16a,; orbital is decreased further and that the energy of the 8b, orbital arising
from the 6t,, virtual orbital of octahedral SF remains nearly constant.

As a result of these calculations, it is concluded that the SF¢ molecule will not
bind two electrons to form SF42~. However, the formation of SFg2~ in an elec-
tronically excited state cannot be dismissed easily. Nuclear-excited Feshbach re-
sonances, in which the kinetic energy of the incident electron is absorbed solely into
the nuclear motion of the molecule, occur in the electron attachment process of
various molecular speciesS?> 6% 123, 124) The SF,~* species studied by Henis and
Mabie!3® had a lifetime of about 0.5 ms. A lifetime of 0.03 ms, shorter than the
value reported by Henis and Mabie, has been discussed and used for equipment
calibrations by Hadjiantoniou, Christophorou and Carter®% 123:124) 1t is con-
ceivable that nuclear-excited Feshbach resonances also may participate in the for-
mation of the SF42~ ion and other doubly-charged negative ions.

The SF;~ ion is readily formed from SFy in electron bombardment ion sources.
Henis and Mabie!3¥ found the SF5™ ion to have an essentiaily infinite lifetime.
With the assumption that SFs has a square pyramidal structure in which the S atom
lies 0.2 A above the center of the base, SF5 has been calculated with the EHT
approach to have an electron affinity of about 2.2 eV with the S—F bond length
equal to 1.585 A. This may be compared with the experimental value of 3.66 eV
given in Table 1. With this EHT treatment, the electronic configuration for the SF5~
ilon (C,y symmetry) is found to be . .. (10a;) 2 (7e) * (1b3) 2 (4b;) ? (1123;) ?

Ag.

The SF5>~ ion has been observed both in the ICR spectrometer and in the
omegatron. An EHT calculation was made with an S—F bond length of 1.585 A and
pseudo-Ds;, symmetry for SFs> . The five F atoms were viewed as surrounding the
S atom in the equatorial plane, with a pair of electrons and a lone electron located in
the axial positions. An electronic configuration of . . . (4e,)*(1a,')%(3a,")?(6a;")!
2p,’ is a plausible structure for the SF52~ ion. A quartet state of . . . (4e,’)*(1a,)?
(3a,")!(6a,")!(6e,")! is less favorable on an energetic basis, but could provide for
the long lifetime necessary for the observed SF52~ ion.

Compton®® has indicated that the electron affinity of UF is > 5.1 eV and that
of UFs is approximately 4 eV. UF52~ and UFg42~, analogous to SFs2~ and
SF¢2~, also may exist.

Dougherty94) searched for the C8H82‘ ion in the negative ion mass spectrum
of cyclooctatetraene, but was unable to detect this ion. The results of EHT
calculations suggest that the CgHg?~ ion may exist and would likely be found in an
ICR or omegatron instrument. For the CgHg and CgHg™ species, a symmetry of
D,gq is assumed, whereas a Dgp, symmetry is assumed for the CgHg? ™ ion. The C—H
bond length = 1.09 A is used throughout. ZCCH = 114.450 °, /CCC = 131.1 °,
(C—C)a=1.379 A and (C—C)b = 1.4425 A are employed for CgHg ™. LCCH =
118.3 °, LCCC =126.46 °, (C—C)a = 1.334 A and (C—C)b = 1.462 A is used for the
CgHg molecule. For the CgHg?~ species, C—C = 1.42 A and /CCC = 135 ° are em-

143



R. W. Kiser

ployed. The resuits of the EHT calculations indicate an adiabatic ionization potential
of 8.26 eV for CgHg; this is close to the experimental photoelectron spectroscopic
value of 8.21 eV determined by Dewar, Harget and Haselbach®®). Dewar, Harget and
Haselbach have performed both MINDQ/2 and #-approximation calculations for the
C8H82_ ion.

The 5a,; orbital (HOMO) in CgHy is filled and the electron added in forming
CgHg™ enters in the LUMO designated as 3a,. Interestingly, the HOMO of CgHg?™
is found to be le,, in the singlet state; however, the LUMO is 1es, and lies only
slightly higher in energy than the le,, orbital. Thus, excited states of . . . (3e3,) *
(lezn) 3 (leag) ' or. .. (3esy) ® (Leyy) 2 (les,)  for the CgHg? ™ ion are energeti-
cally realistic and could provide sufficiently long lifetimes for the CgHg?~ ion to be
observed. To the present, the existence of neither the Cg Hg?~ (g) ion nor the
CsHs2~ (g) ion has been reported.

Other small polyatomic system may yield doubly-charged negative ions. The
thermochemistry of the 03~ ion and negative ion-molecule reactions of ozone have
been discussed by Lifshitz, Wu, Tiernan and Terwilliger'®"). The present EHT cal-
culations indicate the closed (D3y,) form of ozone is less stable than found by Hay,
Dunning and Goddard'2”, Lucchese and Schaefer'®® and Shih, Buenker and
Peyerimhoff2?. The EHT calculations made here for Oy indicate that the 032 B
species (assumed 2000 = 109.47 °, C,, symmetry (pseudo-tetrahedral), 0—O bond
length = 1.278 A) may be formed in excited states that might provide a rather long
lifetime for the 032~ ion. The EHT calculations of the excited states of ozone
approximately agree with those of Messmer and Salahub?°®) who used the Xa-SW
method. Hay and Goddard'?® and Hay and Dunning!® also have considered the
excited states of ozone; they did not treat the O3~ ion. To the present, no experi-
mental indication of the existence of 032~ has been reported. On the basis of the
EHT calculations, however, an experimental search for the doubly-charged negative
ion of ozone appears warranted.

Another relatively small polyatomic species, the carbonate ion, CO3% ™, is
known to exist in calcite in the crystalline state. Cosby and Moseley®® have re-
ported on the observation of a bound excited state in CO53~. This author believes it
possible that the CO32~ and the SO32~ jons may be found to exist also in the gas
phase, although no detailed calculations have been made for either of these species.
Although the electron affinity of SO (approximately 1.7 eV) is not as great as that
of COj, it is rather large and not much different than the electron affinity of the
cyclopentadienyl radical. An even greater electron affinity has been found for several
of the ZF, systems, e.g., UF4 and BF ;.

An interesting result is obtained when the BF; system is considered. It was
estimated that the electron added to BF; would cause the BF;™ to have a geometry
intermediate between the planar BF; and tetrahedral. Therefore, the B atom was
raised 0.2 A above the base; all B—F bond lengths were maintained at 1.295 Aasin
BF;. The ground state calculated for this BF3~ (C3, geometry) with /FBF =
117.66 ° is 2A,. The HOMO is a bonding 6a; molecular orbital of energy =
—4.86 eV, and consists mainly of B(2s) and B(2p,) atomic orbitals (electron popula-
tions of 0.06 and 0.88, respectively). These results are comfortingly similar to the ab
initio calculations of S0?”Y for BF;~ with STO—3G type basis functions.
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When BF32~ is treated similarly, with ZFBF = 109.47 ° (i. ., a Cay pseudo-
tetrahedral geometry) and a B—F length of 1.295 A, the results obtained from an
EHT calculation indicate that the HOMO consists principally of B(2s) and B(2p,)
atomic orbitals (electron populations of 0.38 and 1.49, respectively). As might have
been expected, it is indicated that a “lone pair” of electrons resides on the boron
atom in BF;?~.

From the EHT total energies calculated for BF3, BF;~ and BF3%~ (assuming
the 1a,’, 2a," and le’ orbitals of BF 5 and the 1a,, 2a, and le orbitals of BF3~ and
BF,2~ to have a constant contribution), the indication is that BF32~ may be stable,
and as a singlet species. The next highest unoccupied orbital for BF3>~ is the 6¢
orbital that is found to lie very much higher than the 6a; molecular orbital.

From these preliminary calculations for the BF; system it is suggested that the
BF3°~ ion also may provide an interesting experimental and theoretical investiga-
tion. If more sophisticated molecular orbital calculations sustain these preliminary
results, it would provide an experimental opportunity to evaluate at least partially
the importance of excited states and/or bound states in 7%~ ion formation. Thus, if
BF;2~ is found to exist experimentally, and other calculations also indicate that the
6¢ orbital for BF32~ lies very substantially higher in energy than the 6a; orbital, the
importance of excited states attached by this author to the formation and existence
of Z2~ species may be reduced significantly.

From the abeve discussions, this author concludes that, in attempting to under-
stand the various Z>~ species observed, it is convenient and advantageous to view
the Z>~ jons generally as existing with relatively long lifetimes in unbound or
weakly bound excited states of high multiplicity. A similar viewpoint may be taken
with respect to the singly-charged negative ion: the Z~ ion that will yield the Z2~
species upon electron capture must have a rather long lifetime and, hence, exist
either in an excited state or be stably bound. These views imply, as has been dis-
cussed partially above, a generally applicable mechnism for the formation of the Z>~
ions.

VI Mechanism of Formation of Doubly-Charged Negative Ions

From the ionization efficiency curve determinations of Stuckey and Kiser, it is
known that doubly-charged negative ions are observed only in the energy regions
where singly-charged negative ions are produced. This clearly indicated that the
singly-charged negative ion is the precursor of the doubly-charged negative ion. In
substantiation, the ICR experiments of Stapleton and Bowie have indicated that the
CI~ and C12~ ions from CCl, are coupled.

From the electron beam current variation experiments of Stuckey and Kiser, it is
known that two electrons are involved in the overall process of the formation of a
doubly-charged negative ion. One of these electrons must be involved in the initial
formation of the singly-charged ion by either resonant capture, dissociative resonant
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capture, or an jon-pair formation process. The second electron then must be gained
to form the doubly-charged negative ion in a subsequent step that is energetically
realistic.

A single mechanism can now be proposed for the formation of doubly-charged
negative ions in the gas phase. This mechanism is consistent with all experimental
facts provided to the present, and is as follows.

The first step probably involves the formation of the negative ion in a excited
state:

Mte—=>R+Z7* (66a)
or M+te—=>R"+Z *+e (66b)
or Zt+e—>7* (66¢)

If the species formed in Reactions (66a) through (66c¢) are produced initially in the
ground state, then a second step is required to prepare the Z~ ion in a relatively
long-lived excited state:

Q+Z2" —=Z77*+( (67a)
or R"+Z-——>7*+R" (67b)

In the final step, electron attachment occurs to form the observed long-lived doubly-
charged negative ion:

It +te+Q—>727"+Q (68)

where the electron captured in Reaction (68) generally will be a slow electron. Here,
M is a neutral gas molecule and Q is a third body; Q may be the molecule being in-
vestigated or a diluent molecule in a plasma.

Reaction (66a) is a dissociative resonant capture. Reaction (66b) is shown as an
ion-pair formation process induced by electron impact; Reaction (66c¢) is electron
capture by a molecule or a neutral fragment produced by a previous dissociative
process. If the excited state of Z~ lies significantly above the ground state,
Reaction (67a) would not be expected fo contribute materially to the formation of
Z7*. The R" involved in Reaction (67b) is either accelerated toward the surface of
the plasma or toward the trapping potential plates; this step is an ion-ion reaction in
which the necessary excitational energy may be provided the Z~ species. Re-
action (68) is a three body process that involves electron attachment to the excited
singly-charged negative ion to form the Z2~ species observed. In Reaction (68) the
72~ species is indicated as formed in an excited state with a relatively long lifetime.

It is impossible at this stage to specify either the excited states of the Z~*
species or of the Z2~ jons. In the earlier discussion of electronic states, plausible
excited states were indicated that may be involved in these reactions. Quite possibly
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the Z~* and Z2~* ions are produced in a number of different initial states. What is
to be recognized is that excited states of both Z~ and Z>~ must be involved to
provide for the relatively long lifetimes observed. It is considered reasonable to
assume that these excited states are species of high multiplicities. Also it must be
recalled that some of the binding of these states may result from the magnetic fields
employed !,

VII Conclusions

Several conclusions may be drawn from the investigations described above. Foremost
among these is that doubly-charged negative ions exist. The doubly-charged negative
ions may be monatomic, diatomic or polyatomic species; specific cases of each have
been reported. These ions exist with lifetimes > 0.01 ms (the flight times of ions in
some mass spectrometers) and more of the order of 0.1 ms, the flight times involved
in the detection of these species in the omegatron and jon cyclotron resonance
spectrometers.

With the exception of the experiments of Ahnell and Koski* %) and Bowie and
Stapleton“”, all of the doubly-charged negative atomic ions are reported to have
been produced in low temperature plasma ion sources: the omegatron, the ICR
spectrometer, the duoplasmatron and the Penning source. These sources involve
magnetic fields that may make possible the formation of unbound or weakly bound
excited states of high multiplicity (triplet, quartet and possibly quintet) and long
lifetimes. This author has suggested in the above discussions a number of plausible
excited states in which the doubly-charged negative jons might exist. Massey'® has
indicated that C12~ might exist as a sextet with the configuration 3p*(*P)4s'4p?
and 0%~ as a septet with configuration 2p3(*S)3s!3p2. At this time, however, no
definitive information is available concerning the states of the doubly-charged nega-
tive ions.

The formation of excited species of the Z~ ions is more probable in plasma-type
ion sources that involve fairly strong magnetic fields. The atomic species carrying
two electronic charges more than the neutral atom are those of the more ¢electro-
negative elements and the species with the greater electron affinities. The role which
nuclear-excited Feshbach resonances may play in the formation of long-lived doubly-
charged negative ions is not known. For rather large molecules, separation of charge
sites may provide the necessary stabilization and excited states may not play such an
important role. ,

It is certain that our knowledge of doubly-charged negative ions is still very
incomplete. The probability is rather large that many additional doubly-charged
negative ions remain to be discovered. Some further comments in this vein are given
below. The mechanisms suggested in the previous pages are an initial attempt to
more fully understand this new class of gaseous negative ions. Additional experi-
ments are now required to characterize more completely and more satisfactorily
these species and their mode(s) of formation.,
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VIII Future Efforts

From the above observations and discussions it is clear that a number of additional
studies are warranted. One of these would be the extraction of the relatively slow
doubly-charged negative ions from the omegatron into a drift tube so that the life-
times of the different Z2~ species might be determined. Also it would be interesting
t()2 learn more about the various modes of decay and the products formed from these
Z°~ jons.

It is believed likely that many more doubly-charged negative ionic species remain
to be detected. One very enticing avenue of investigation will be the search for
additional species, e. g., CO32~, 032~ and general ZF,2~ species, for as more
doubly-charged negative ions are detected, their existence and properties must be
explainable with any satisfactory theory for the molecular and electronic structures
of these entities. Several potential directions for these searches have already been
indicated above.

A suggestion that this author made nearly a decade ago still is appropriate,
namely, to investigate the negative ion mass spectrum of Fe(CO)s in search of the
species Fe(CO),2~, where n < 4, Although Compton and StockdaleS” used a time-
of-flight mass spectrometer to investigate the negative ions formed from Ni(CO),4
and Fe(CO)s, even as done earlier by Winters and Kiser3%8), the ion source em-
ployed by both groups is not suited to the production of large quantities of the
doubly-charged negative ions. Since Fe(CO); is not particularly stable, the use of a
Penning source may be unsatisfactory unless operated at very low arc currents; how-
ever, an omegatron or ICR spectrometric study should prove fruitful.

In addition to the omegatron, the ICR, and the Penning ion sources for the pro-
duction of the doubly-charged negative ions, this author suggests that a “quistor’ or
quadrupole ion storage source®? 83 2°0) might advantageously be investigated as a
possible source for the Z?~ species. Parkes?” has studied negative ion-molecule
reactions occurring under swarm conditions, and the quistors have been used to
determine rate constants and ion kinetic energies. McGuire and Fortson2°* have
used these Penning traps for studying electron-atom collisions at low energy. The
quistors can be operated at about 10% times lower pressure than used in conventional
ion-molecule studies?®. Such a search with ion trapping for doubly~charged nega-
tive species formed in simple systems, such as CoN,, NO, and SFg, would, if success-
ful, also provide the opportunity to measure lifetimes and rate constants of the
doubly~charged negative ions.

Von Zahn and Tatarczyk?®?) have employed a quadrupole beam guide to study
metastable lifetimes of ions formed from hydrocarbons. A similar approach to the
Z?~ ions formed from suitable molecules in a Penning source would permit the
determination of the lifetimes of the metastable species observed by Baumann,
Heinicke, Kaiser and Bethge?®) in their deflection experiments.

Since the formation of a wide variety of doubly-charged negative monatomic
ionic species is possible with a Penning ion source, and since nA beam currents of the
Z2~ species may be obtained after momentum/charge and kinetic energy analysis
with magnetic and electric sectors, photodetachment studies of the Z>~ species
should be possible to enrich our understanding of these ions and the states in which

166)
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they are formed and/or exist. Methods such as those noted by Branscomb*® or the
use of kinetic energy analysis of the photodetached electrons, as done by Brehm,
Gusinow and Hall®® and Engelking and Linebergerl°3) employing a laser source,
should be suitable. Apparently Feldmann has attempted such experiments’53), but
without success to the present.

The qualitative investigations of Baumann, Heinicke, Kaiser and Bethge29), if
they can be repeated successfully, should be extended to provide quantitative studies
of the pressure effects upon the formation and decomposition of the Z2~ species.
Thus, the order of Reactions (30) and (32) might be determined. This would provide
additional information about the mechanisms of these processes.

Dewar and Rzepa®” have calculated with the MINDO semiempirical SCF—MO
method that TCNQ?™ is only about 0.43 eV less stable than TCNQ™, and is more
stable than the tetracyanoquinodimethan (TCNQ) molecule. Compton and
Cooper®® make no mention of a doubly-charged negative ion in their report of the
negative ion properties of TCNQ. They do, however, comment upon the importance
of excited states in complex negative ion systems. An omegatron or ICR search for
the TCNQ?~ ion would be appropriate, particularly as a test of the utility of this
semiempirical approach.

It was mentioned above that the Be™, BeH™ and Mg~ species were observed by
Bethge, Heinicke and Baumann®®). Weiss3®) has calculated that the states of
2s!12p? 4P Be™ and 3s’ 3p? #P Mg~ are metastable and have positive electron
affinities of 0.24 and 0.32 eV, respectively, relative to the ns'np' P state of the
neutral atom. Kaufman and Sachs'6® have carried out LCAO—MO—SCF calcula-
tions using Gaussian basis functions that indicate BeH™ is bound. These calcula-
tions also suggest, based on virtual orbital energies, that the BeH?~ jon may be
bound. This prediction based on molecular orbital calculations might be verified by
searching for and finding the BeH?~ jon experimentally. Here the use of a Penning
ion source would be more appropriate. An inspection of the figures presented by
Bethge, Heinicke and Baumann?®’ 36) reveals no indication of BeH2~ or the isoelec-
tronic LiH,?~ ion. Possibly CN?~ exists in one of the ﬁgures36), but this is un-
certain. The fact that these same workers have observed many other doubly-charged
negative ions, but did not report having observed BeH?™ or LiH,?~, indicates
further molecular orbital calculations are desirable as well.

Certainly detailed theoretical treatments of the stabilities, energetics, and elec-
tronic states of the doubly-charged negative ions, both monatomic and polyatomic,
are now warranted. It was noted earlier that the EHT calculations employed here are
only a zeroth order approximation; the results obtained, however, now justify an
effort to employ more sophisticated approaches. The MINDO and LCAO—MO—SCF
calculations mentioned above are a distinct improvement over the EHT calculations.
Other calculational techniques should be brought to bear on an improved under-
standing of doubly-charged negative ions.

Kancerevicius'®? recently calculated with a multiconfiguration approximation
that all of the doubly-charged monatomic jons he treated (B2~; C2~, N2~ 0%-,
Al?~, Si2~, P2~ and $27) are unstable and that they cannot exist in the form of
free species. In light of the experimental observations, discussed above, of a number
of these doubly<charged monatomic species that are known to possess lifetimes of
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the order of 0.1 ms in the gas phase, it appears appropriate to encourage theoretical
groups to give increased attention to studies of the likely states in which these ions
exist. Such theoretical studies are desired both for the simpler monatomic Z*~ ions,
e.g., 02, F2—,82= C1?>~, P2~ and H?~, where the results are likely to be more
reliable, and for the more complex polyatomic species.

Berry3°) has pointed out that negative atomic ions pose greater problems for the
theorists than positive ions or neutral species. The difficulties for negative molecular
ions is greater, and SimonsZ2®3) recently has reviewed the theoretical studies in this
area. The calculation of properties of the doubly-charged negative ions, both atomic
and molecular, surely is still more difficult and challenging, but with the progress
made in recent years2%), the prognosis for success in attacking this problem is good.

At the present the roles of negative ions in the Earth’s upper atmosphere and in
stellar atmospheres are not fully understood. Possibly doubly-charged negative ions
also are components of these atmospheres. Therefore, it may be profitable to con-
sider the possible presence of 02—, NO,2~,H?~ (?), etc., in future studies of the
ionosphere and the solar atmosphere.

A decade after the discovery of doubly-charged negative ions, our understanding
of this new class of ions is far from complete. Explanations and mechanisms have
been formulated that now must be tested and possibly refined. Future efforts of
both theoretical and experimental studies shall certainly prove informative.
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Introduction

Compared with spectroscopic and electrochemical methods, chromatographic meth-
ods have been little used so far for routine quantitative inorganic trace analysis. How-
ever, gas chromatography of volatile metal chelates has given rise to increasing appli-
cation possibilities for inorganic trace analysis. Development of instruments and
technology for detection as well as the manufacture of separating material have also
made column fluid chromatography suitable for detection of element traces. Higher
selectivities and higher sensitivities than with other methods of element trace analy-
sis can be achieved today for some elements using chromatographic methods. Fur-
ther advantages of chromatographic methods are in the

separation of elements which interfere with detection,

separation of the matrix,

separation of excess reagent,

separation of mixtures of element traces (multielement analysis),

reduction of the work involved in sample preparation in consequence of separations
and

linking of separation with sensitive and selective methods of detection.

Analysis data in the extreme trace range are frequently subject to great uncertainty
with regard to their accuracy when they have only been determined according to one
method. Chromatographic methods are thus suitable as reference methods.

1 Gas-Chromatography

The separations of many volatile substances for inorganic analysis has been described
in the literature' =% . However, only a small proportion of these publications deal
with the possibilities and applications of trace analysis. The reasons for this lie in

the difficulty of sensitive detection of inorganic compounds, their instability and
the low volatility of many of them, and in the numerous interfering effects in the
chromatographic column.

In spite of these difficulties gas-chromatography offers some interesting possibi-
lities for inorganic trace analysis.

In many cases the necessity of chemical reactions of cations and anions to volatile
derivatives for gas-chromatiography leads to a convenient separation from diverse
matrices for the subsequent determination. With the aid of gas-chromatography, ana-
lyses can be carried out over a wide range of concentrations usually by simple chang-
ing the detection system while maintaining the same chromatographic conditions.

The tendency of substances with the same ligand or organic group such as metal che-
lates or organometallic compounds to separate offers possibilities for multielement
analysis. Gas-chromatographic techniques can be utilized as reference methods, es-
pecially for the ultra-trace analysis of ppb- and lower levels.
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1.1 Gas-Chromatographic Separations with Quantitative Analyses

The use of gas-chromatography in inorganic analysis requires that the compounds

be thermally stable and that they do not react with the different parts of the chroma-
tographic system itself (injection unit, column, detector). Moreover they should be
formed quantitative by a suitable reaction in the analytical range. Gaseous elements,
other inorganic gases, hydrogen compounds and halogen compounds of elements

are suitable for determinations in the ppm- and ppb-range (Table 1.1). Metal halo-
genides can also be determined sensitively with different detectors (Table 1.1), but
difficulties in the trace field are found because of the sensitivity of these substances
to hydrolysis.

Table 1.1. Gas chromatographic separations with quantitative analyses

Element Compound (or ligand) Detector Detectable amount [g] Ref.

1, Inorganice compounds

As AsCl3 ECD 10-10 51)
Cyanide CN-ClI ECD  25x10710 113)
Sn SnCl, TCD  4x107% 14)
Ti TiClg FPD 108 —10—9 56)

II. Fluorinated g-diketonates

Be (tfa) ECD  4x10713 78)
Be (tfa) TCD 4x10"8 97)
Cr (hfa) ECD  10~!! 76)
Ni (Monothiotrifluoracetylacetone) ECD 5x 1011 13)
Th, U (Heptafluoro-g-diketones) FID 10?9 39)
v (tfa) FID/ECD 10~7/10~ 10 53)
Cr, AL Rh (hfa, tfa) ECD 10710 _jp-12 81)

Cu, Ni, Pd, Pt (8-Diketones, s-thioketones,
bidentate and tetradentate

p-ketoamines) ECD 109 16)
Metals (Heptafluorodimethyloctene-

dione) FID ca. 10~9 95)
Pb Perfluoralcoylpivalmethanes MS 10—14 17)

III. Mixed ligand complexes

Ni, Co (tfa + DMF) FID 4x107 52)
Mn, Fe, Co, Ni (hfa + DBSO) FID 6—11,5x10"8 72)
Zn Zn(hfa); 2 DBSO FID 4x1078 73)
U, Th (hfa + DBSO) TCD  4x10~7,6x10"7 53
Cerium group  (Decafluoro-3,5-heptanedione +

lanthanides  DBSO) FID 10~7 28)
Yttrium group (Decafluoro-3,5-heptanedione +

lanthanides DBSO) ECD 2x 1077 27)
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Table 1.1. (continued)

Element Compound (or ligand) Detector Detectable amount [g] Ref.

IV. Organometallic compounds

Ag Triphenylarsine FID 10— 11 99)
Hg Aryl-, alkylmercuryhylides ECD 1011 117)
Hg Phenylmercurychloride ECD 4.5x10—11 62)
Hg Phenylmercurychloride ECD 4.5 x 10—10 54)
Cl Phenylmercurychloride FID 4 x10—10 18)
Tl TI(I)cyclopentadienyl TCD 10—6 20)

V. Miscellaneous compounds

F Triethylfluorsilane TCD/FID 2 x 10~ 7)6 x 10—10  21)
I Todoacetone ECD 2 x 1010 48)
Se S-Nitropiazselenol ECD 4x10"10 68)
Metals Simple and fluorinated diethyl-
dithiocarbamates FID/ECD ng-levels 105, 106)

V1. Indirect determinations

Ru As hexachlorobicycloheptene-

2,3-y-lactone ECD 2x10—10 12)
Ni As polychlorinated alcohol

(from xanthate) ECD 101! 96)

Abbreviations: tfa: trifluoracetylacetone; hfa: hexaﬂuoroacetyiacetone; DMF: dimethylform-
amide; DBSO: di-n-butylsulfoxide — TCD: thermal conductivity detector; for other detector
abbreviations see Table 1.2.

The group of metal chelates with $-diketones and similar ligands can be extracted
from weakly acid aqueous solutions under set pH conditions with an organic solvent,
in which the chelate-forming substance is soluted. Excess reagent can be re-extracted
in the aqueous phase with diluted sodium hydroxide; the metal chelate remains in
the organic solvent. Polar metal chelates require packed columns with deactivated
supporting materials because of their temperature sensitivity.

By use of different detectors trace amounts of metals ranging from 1072 to
10~ !%g can be determined (Tables 1.1/1I, 1.2). Polyfluorinated B-diketones as ligands
give more highly volatile derivatives and above all allow the use of the electron cap-
ture detector (ECD) which has low detection limits for fluorinated compounds.
Nevertheless decompositions can also appear>® in this class of substances. In addi-
tion thioketones!® and amino derivatives'® 111 112) are used as chelating agents for
quantitative gas-chromatography.
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Table 1.2. Gas-chromatography: special detectors

Detector Compound Detectable amount Ref.
(8]
FID/ECD (comparison)  Cr(tfa)s 6x10-8/
2.1x10710 9
ECD/coulometric d. /[FPD/
MS Boron hydrides (ppb-Levels) 100)
Radiometric detector 50, as S0, 13F, 10—18 11)
Radiometric detector 3H-Labelled -diketonates (Cr, Al)  ca. 10712 26)
FPD P 1012 5)
FPD S, 80, 5x102 35)
FPD Selenium compounds 2x10~10 37)
FPD Cr(hfa) 10-6 50)
FPD Metal halides, metal chelates (Ti) ~ ca. 10~2 56)
MS (integrated current
method) Pb perfluoralcoylpivalmethanes -10-14 17)
MS Metal polyfluoro-g-diketonates 10—14 59)
MED Cr trifluoro-2,4-pentenedione 9x10~13 19)
MED Metal acetylacetonates (e. g. Sc) ca. 1011 33)
MED Metal acetylacetonates (Al, Be, Cr) 10~7, 10711 10=% 58)
MED Organic mercury compounds 10—12 103)
AAS Dimethylselenide, dimethyldi- 10—10 3
selenide
AAS (flame and flameless SbCl3 in GaClg ca. 50 xor 3 x 10712 82)
atomization)
AAS Cr(tfa); 10~° 115)

Abbreviations: FID: flame ionization detector; ECD: electron capture detector; FPD: flame
photometric detector; MS: mass spectrometer; MED: microwave emission detector; AAS: atomic
absorption spectrometer.

Another group of compounds which have recently proved interesting for gas-
chromatography are ternary complexes from fluorinated g-diketones and organic
solvent molecules, such as dimethylformamide or di-n-butylsulfoxide (Table 1.1/I1I).
For these compounds synergetic effects through primary separation of metals by
liquid-liquid extraction can be profitable’®; in some cases separations can be achieved
more conveniently with gas-chromatography 2. For quantitative analysis of zinc using
gas-chromatography was made possible for the first time through its ternary com-
plex”®). Nevertheless Pb and Cd compounds of this type (Table 1.1/I1I) are com-
posed. In general in the gas-chromatographic column these ternary complexes show
a higher stability than binary complexes. Interactions between polar metal chelates
and the packed chromatographic column, which produce elution curves with tailing,
can be successfully reduced by the presence of a carrier gas containing ligand va-
pour!®h,

Additional substance groups suitable for gas chromatography are organometallic
compounds (Table 1.1/IV), which can yield from inorganic compounds especially
for Hg and As by means of different alkylating and arylating reagents such as Grig-
nard compounds®® °% 192 tetraphenylborate '8 62 117)_ Li pentafluorobenzenesul-
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phinate®®, pentacyanomethylcobaltate(IIl) and Na 4.4-dimethyl-4-silanepentene-
l-sulphonatess).

In addition anions such as fluoride and iodide can be determined using gas-chro-
matography, when they appear as part of organic compounds?!’ 48); oxygen-contain-
ing anions such as phosphate, arsenite and selenite can be changed into volatile deri-
vatives with silylating reagents>®» % 63) Piazselenoles have been used in the deter-
mination of selenium, in the picogram and nanogram range the contents of the chro-
matographic columns are also analyzed to determine losses®®. The procedure is simi-
lar to that described for organic Hg compounds“).

Recently sulfur-containing metal chelates and nonfluorinated diethyldithiocar-
bamates of relatively low volatility have been successfully used to determine some
metals for gas-chromatographic multielement analysis®® 75 105:108) Eor As car-
bamate only the careful deactivation of the column with silylating agents allows
quantitative gas-chromatographic analysi334).

For non-volatile metal chelates the practibility of indirect determination over-
comes if the substances are to be decomposed (pyrrolized) in definited products. In-
stances for this approach are given, using Ru and Ni. The metal chelates are first
separated by thin-layer chromatography!? °® (Table 1.1/IV).

The greatest problem in the application of gas-chromatographic methods to ele-
mental trace analysis is the interaction between the compound used for analysis and
the column packing: conditioning of the column and the application of chelating
agents in the gas phase are ways of diminishing these effects. For additional details
about packing materials see Ref.! 3.

1.2 Special Detectors

In addition to the thermal conductivity detector (TCD), flame photometric (FPD)
and atomic absorption spectrometric (AAS) detectors, which offer high sensitivity
and the advantage of selectivity, are also suitable for use with inorganic substances
(Table 1.2). By-products from chemical reactions of the analytical process will not
be detected.

The flame ionization detector (FID), which, for fluorinated compounds, has the
advantage of a greater linearity range in spite of its lower sensitivity in comparison
with the electron capture detector (ECD), has been extensively applied to organic
metal chelates in particular. Comparisons of the different detectors were carried out
(Table 1.2)° 100) For special analyses such as the determination of SO, by reaction
to SO, F, with the radioactive '®F-isotope or by utilization of *H-labelled g-diketon-
ates, radiometric measurements for detection are employed'": 20,

Mass spectrometric detection, which is widely used in organic trace analysis,
allows sensitive and selective determinations, but high cost and the unresolved inter-
facing problems limit its application (e.g.!”* 5 7,

As well as the atomic spectroscopic methods of flame photometry and atomic
absorption spectroscopy microwave emission spectroscopic detection (MED) is being
used more and more. MED combines high sensitivity in the picogram range with high
selectivity for elemental analysis. It is as suitable for inorganic and organic compounds
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as the two other detectors. The sensitivities for polyfluorinated g-diketonates are
situated in the same order of magnitude and are lower in comparison'with the
ECDI 7,59)

1.3 Applications

The number of publications dealing with chromatography as applied to inorganic
analysis now amounts to more than a thousand!* . The main point of interest in
these papers, however, is substance separations. The use of gas-chromatography for
elemental trace analysis is only of interest if, in addition to quantitative results for
test solutions — as described and summarized in Section 1.1 and 1.2 — information
about its application to different materials is also submitted. Such information is
presented in Tables 1.3.1 and 1.3.2.

It is difficult to compare the detection limit data because most of the publica-
tions do not make clear how the values were obtained. For trace analytical procedures
in general the detection limit is calculated from a quantity measured at the detection
limit, which is in turn determined from the mean value of the blank value plus three-
times its standard deviation.

A chromatogram is interpreted not only by the peak area but also by the signal
(peak) height. The detection limit of an analytical procedure is given by concentra-
tion levels as ppm or ppb (107 or 10~8 parts per gram material).

A quantitative recovery of the determining element is rarely achieved as result
of necessary clean-up procedures and chemical derivatizations. The range and re-

Table 1.3. Recoveries and standard deviations for some gas chromatographic applications in
inorganic trace analysis

Element Analyzed compound Material Recovery [Conc.] - Ref.
(ion) (mean  sge [%]
value)
As Arsenic diethyldithiocar-
bamate Water, urine 82.6 [1 ppm] — 9.3 34)
As Triphenylarsine Liver 100 {0.4 ppm] - 10 98)
Be Be(tfa), Whole blood 92 (1.14 ppm] — 7.1 107}
Cr Cr(tfa)3 Plasma 90.5 [5.16 ppb] — 7.5 19
Hg Phenylmercurychloride =~ Water 70.5 [1 ppm] — 9.6 66)
Urine 81.4 [1 ppm] — 12.7
Serum 51.0 (1 ppm] — 18.4
Hg Phenylmercurychloride  Serum 80.4 (3.6 ppm] —9.7 117D
Liver 93.4 [3.6 ppm] — 8.3
Ni Ni monothiotrifluoro-
acetylacetonate Tea 94 [13 ppm] - 10.8 13
Se S-Nitropiazselenol Pure elemental
arsenic 100 (3.76 ppm] ~ 4.8 8)
Fluoride Triethylfluorsilane Liver 83 [2.5 ppm] — 20 83)
Nitrate Triethoxynitrobenzene Water 81 [0.2 ppm} — 3.7 110)

165



G. Schwedt

producibility of recovery of some elements or ions, for which gas-chromatographic
determination has been applied, are compiled in Table 1.3. The achieved relative
standard deviations in the ppm-range are comparable with those of other trace ana-
lytical methods.

In some publications the application of gas-chromatography as a reference meth-
od has been compared with other analytical methods. The gas-chromatographic
determination of aluminum and chromium in uranium gave yields which agreed with
those of spectrophotometry in the ppm range*®. Comparable results were also ob-
tained for beryllium yields below one ppm in standard probes with a fluorimetric
method (with Morin as reagent)®®). In both instances for gas-chromatographic deter-
mination the trifluoroacetylacetone chelates were used. For yields of 0,02 ppm Be
in NBS standard reference Orchard Leaves it was not possible to determine beryl-
lium because of the presence of very large interfering peaks close to the beryllium
peak3®). Therefore only emission spectrometric or fluorimetric methods could be
used. The results of the determination of chromium in biological materials were
compared with those from determination by atomic absorption spectrometry after
extraction as Cr(VI) into methylisobutylketone®”). The slope of the regression line
was 0.901 with a correlation coefficient of 0.963 for ppb-levels.

For mercury determination in sediments or fish tissues, samples were oxidized
with boiling nitric acid. After reagent addition the methyl mercury derivate was ex-
tracted by benzene. The results of gas-chromatographic determination were higher
than those obtained by wet-oxidation and atomic absorption methods®%).

1.3.1 Inorganic Materials (see Table 1.3.1)

For determination of beryllium in inorganic materials, the samples are fused with
sodium carbonate and then dissolved in hydrochloric acid. Beryllium trifluoracetyl-
acetonate is formed and extracted by adding a benzene solution of the ligand after
adjusting the pH and adding EDTA-solution for complexing of other metals36 38,
An aliquot-part of the Be(tfa),-containing benzene layer is submitted to gas-chro-
matographic analysis. In ferrous alloys chromium also is determined as Cr(tfa);. In
the presence of catalytic amounts of nitric acid, the reaction with trifluoracetyl-
acetone is stimulated with microwave radiofrequency energy without organic sol-
vent®?,

The determination of fluoride in water and inorganic phosphates is described
after its conversion to triethylfluorsilane by reaction with triethylchlorsilane in a
hydrochloric acid medium?!). The silane derivative is extracted into tetrachloro-
ethylene.

A sensitive gas-chromatographic determination of selenium is possible as 5-chlor-
or 5-nitro-piazselenol. These compounds are extractable into benzene or toluene for
direct injection into a gas-chromatograph with ECD or TCD”> 8- 64 %9)_ After treat-
ment of steel samples with diluted mixtures of equal volumes of hydrochloric and
nitric acids in the presence of perchloric acid, the selenium is completely converted
into the quadrivalent state. Large amounts of Fe(III) are masked with phosphoric
acid”. In pure sulfuric acid ultramicro amounts of selenium are converted into
seleneous acid with a bromine-bromide redox buffer solution®®. For high-purity
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Table 1.3.1. Gas-chromatography — applications for inorganic materials

Eilement Material Compound Detector Detection Ref.
limit
As Oxides, sulphides,
ores and alloys AsCl3 TCD ppm-Range 51)
Be Lunar samples, terres-
tral meteorites Be(tfa) ECD 40 ppb 36, 94)
Be NBS standards Be(tfa), ECD ppb-Levels 38)
Cr Ferrous alloys Cr(tfa)3 ECD 20 ppb 80)
F Water, phosphates Triethylfluoro-
silane FID ppm to ppb-
N o levels 2h
Se Steel 5-Chloropiaz- TCD ca. 0.1% 7
selenol
Se Pure elemental arsenic, 5-Nitropiazselenol ECD <3 ppm 8)
arsenic(IIl)-oxide
Se High-purity copper 5-Nitropiazselenol ECD 1 ppb 64)
Se Pure sulfuric acid S-Nitropiazselenol ECD ppm-Levels 90)
Si Iron and steel SiCly Gas density 50 ppm 92)
balance d.
Sn Zircaloy SnCl, TCD ppm-Levels 14)
Al, Cr  Uranium tfa-Compounds  ECD 0.1 ppm 43)
ClL Si  SiBrg Cl, SiCly MS 0.2 ppm 6)
C, S Helium CO,, CO, COs, ECD (helium 24)
H,S detector ppm-Range
Cu, Al Zinc tfa-Compounds MED 20 ppb 85)
NO3, Aqueous test solutions Nitrobenzene ECD 0.12 ppm 44)
NO3

copper the sample is heated in a quartz tube at 1,100—1,150° in an oxygen-stream.
Se0, evaporates and is collected quantitatively by condensation of the carrier gas
in a micro-trap cooled with liquid nitrogen. After evaporation of the oxygen, SeO,
is made to react in the trap with 4-nitro-1,2-diaminobenzene and is then extracted
with toluene®®. For determination of silicium, the samples in a graphite boat were
heated at 650° in chlorine stream. Volatile chlorides were trapped in a packed U-
tube cooled at —5°. After pumping with nitrogen the trap was heated by a water
bath to 90—100°, and the volatile SiCl, and other chlorides were swept into the
gas-chromatography column with a recovery of 97% (92). Also zirconium-tin alloy
(Zircaloys) samples were submitted to a reaction with gaseous chlorine in a similar
way. An apparatus for this method described'®). After removing the zirconium
chloride and an excess of chlorine, the tin tetrachloride is determined by gas chro-
matography. Arsenic was determined in the form of arsenic chloride after the quan-
titative chlorination of different inorganic materials with carbon tetrachloride in
sealed glass tubes. The volatile products were introduced into the gas chromatogra-
phic system after crushing the tube in a special device>V,

A solution of uranyl nitrate was used for the extraction of aluminum and chrom-
ium from acetate-buffered aqueous media with trifluoracetylacetone in benzene.
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After shaking for 30 minutes the organic phase was washed with diluted ammonia
to re-extract the reagent*>. For analysis of copper and aluminum in zinc with the
microwave plasma emission detector (MED) the metal was dissolved in aqua regia,
the solution was evaporated to dryness, and the residue was dissolved in dilute hy-
drochloric acid. At pH 4.5 the complexes were extracted with trifluoracetylacetone
in chloroform. Enrichment by evaporation of the organic layer is possibless). The
anions nitrite and nitrate are treated in aqueous solutions with benzene and
H,S04-H,0 (3:1) to convert them (nitrite ions after oxidation with aqueous
KMnO,) into nitrobenzene**). The recovery of nitrate is 90 (+8)% within a range
of 0.12—62 ppm; those of nitrite 93 (+12)% (range 0.09—37 ppm).

Inorganic impurities in samples of helium were analyzed by gas-chromatography
with a laboratory-constructed detector, which was described?®.

The impurities in silicium tetrabromide were identified®. The packing irrevers-
ibly adsorbs SiBr,4; methane and chlorine were not separated, but they could be deter-
mined simultaneously by using FID for CH4 and an ECD for chlorine.

1.3.2 Organic and Environmental Materials (see Table 1.3.2)

In elemental trace analysis gas-chromatography especially has been established as
reliable for those elements which can be determined only with lower sensitivities

Table 1.3.2. Gas-chromatography — applications for organic and environmental materials

Element Material Compound Detector Detection  Ref.
limit
Al Water Al(tfa)3 ECD <1 ppm 61)
Al Rat liver Al(tfa)3 ECD  ppb-Levels 65
As Water, urine As Diethyldithiocar- ECD 1 ppm 34)
’ bamate
As Biological materials TMS-arsenate FID 0.1 ppm 60)
As Liver Triphenylarsine FID 0.25 ppm 9%
Be Biological materials Be(tfa), ECD 10 ppb 57)
Be Urine Be(tfa), ECD  1ppb 40)
Be Biological samples Be(tfa), ECD ppm-Levels 41)
Be Biological materials, air  Be(tfa), ECD ca. 1 ppb 71)
Be Whole blood, tissue Be(tfa), ECD 20 ppb 107)
homogenates
Be Biological fluids Be(tfa), ECD  2ppb 108)
Br Blood 1,2-Dibromocyclo-  FID 0.1 pg/m) 10
hexane
a Water Phenylmercury(Il)  FID 8 ppb 18)
chloride
Cr Human plasma Cr(tfa)y MED S ppb 19)
Cr Biological tissues (liver) Cr(tfa)g ECD 20 ppb 23)
Cr Blood/plasma Cr(tfa)y ECD 5 ppb 47)
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Element Material Compound Detector Detection  Ref.
limit
Cr Biological materials Cr(tfa); ECD ppb-Levels 87)
Cr Serum Cr(tfa)s ECD ca. 10 ppb  8%)
Ge Coal GeCly Catharo- 3.3 ppm 89)
meter
F Water Triethylfluorsitane ~ FID 30 ppb 22)
F Urine, serum, saliva, bone Trimethylfluorsilane FID 10 ppb 42)
F Biological materials Triethylfluorsitane  FID 1 ppm 83)
Hg Water Methylmercury ECD 2.5 ppb 55)
compounds
Hg Water, urine, serum Arylmercury ECD 20 ppb 66)
compounds
Hg Biological materials Methylmercurychloride ECD 1 ppb 30)
I Milk TIodoacetone ECD ca. 3 ppb 46)
P Water, mud, biological ~ Phosphorous FPD ppb-Levets )
samples
P Water TMS-phosphate FID, 0.1 ppm 63)
FPD
Ni Tea, fats Ni monothiofluoro-  ECD ppb-Levels  13)
acetylacetonate
S Air S0, FPD 5 ppb 25)
Se Biological materials 5-Nitropiazselenol ECD S ppb 74)
Se Milk, milk products, 5-Nitropiazselenol - ECD 5 ppb 91)
albumin
Se Environmental samples  Piazselenol MED 0.1/15 ppb 104
{water/solid samples)
Se Urine Piazselenol ECD  Ca. 7ppb 116
As-Sb Environmental samples  Triphenyl compounds MED 50-125/ 102)
(water/solid samples) 30-75 ppb
Al-Cr Water tfa-Compounds ECD 4-0.5 ppb 45)
Cu-Ni-Zn Marine bottom sediments Diethyldithiocar- FID Ca. 1ppm 79
bamates
CN~, SCN™ Water CN - Br ECD 10 ppb 69, 70)
CN™ Water CN- Br ECD ppm-Levels 79)
HCN Combustion effluents HCN FID 1 ppm 67)
CN™ Biological specimen CN-Cl ECD 25 ppb 113)
NO3, NO3 Saliva, blood, water, air  Nitrobenzene ECD 0.1 ppm 110)
H,0 Organic solvents H,0 TCD 2 ppm 86)
co Air co TCD <1lppm 109
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and higher detection limits by other methods: These are, in particular, aluminum,
chromium, beryllium and selenium as well as the anions chloride, iodide and nitrate
(Table 1.3.2).

For the determination of aluminum sea water was shaken for one our with tri-
fluoracetylacetone in toluene. Unreacted ligand was removed with dilute ammonia
solution. Samples with high dissolved organic content, which caused the ECD to
function abnormally, were oxidized by a standard ultraviolet irradiation technique
before chelation and extraction steps61). Rat liver was digested with hot H,SO,4-
HNOj;, and the digest was adjusted with aqueous sodium hydroxide to pH 4.5 for
the extraction of aluminum with trifluoracetylacetone®.

Samples of water or urine were treated with sodium iodide in hydrochloric acid
to generate arsenic(IIl) and then they were treated with diethyldithiocarbamate,
followed by isolation into toluene3¥. An interesting feature of the chromatographic
behavior of the complex is the necessity for extensive silanization of the packing
and column wall to permit satisfactory results. For gas-chromatographic determina-
tion of arsenic as trimethylsilylarsenate, organic matter was destroyed by acid oxi-
dation in a Teflon bomb. After extraction by diethyldithiocarbamate, oxidation
and silylation by methyl-trimethylsilyl-heptafluorobutyramide arsenic can be deter-
mined in the ppm-range‘m) . From arsenic diethyldithiocarbamate triphenylarsane
was also quantitatively formed by a reaction with magnesium diphenyl. Triphenyl-
arsane is particulary suitable for gas-chromatography with the FID. Dried biological
material is incinerated in a Schéniger flask®®.

For the determination of beryllium, different organic materials were destroyed
by low temperatur ashing or pressure decomposition with nitric acid/hydrofluoric
acid in a Teflon tube. Interfacing elements were masked or pre-extracted; at pH 9
the beryllium trifluoracetyl-acetonate was formed and extracted into benzene. The
concentration of Be(tfa), solutions is possible’”). From biological fluids such as urine
beryllium is directly extracted as Fe(tfa), 4% 71- 107, 108) Djrect dissolution-chela-
tion of beryllium with concentrated trifluoracetylacetone suffered from interfer-
ence by a tfa reaction product. A second method employed the dissolution of BeO
in dog blood and rat liver homogenate by a hot 75% sodium hydroxide procedure®V).
The dissolved beryllium oxide was then chelated by alow temperature reaction with-
out an interfering product. Comparative radiochemical and GC analyses were made.

In a protein-free filtrate of blood bromide was oxidized to bromine by potas-
sium permanganate in acid solution and extracted into cyclohexane-containing cyc-
Iohexene to give 1,2-dibromocyclohexane!® 14,

Chloride in aqueous solutions is readily converted to phenylmercury(II)chloride
by treatment with phenylmercury(II)nitrate at pH 1.5 and the covalently bound
chloride can be quantitatively extracted into chloroform'®), Before reproducible
peaks could be achieved, it was necessary to make four injections, because there
was some absorption on the stationary phase“).

For determination of chromium two different forms for derivatization are de-
scribed. Following wet digestion of tissue the solution was incubated at pH 5.8—6.1
with trifluoracetylacetone in benzene with shaking for one hour at 70°23 87 88),

In the gas-chromatogram two peaks of both #rans- and cis-isomers of Cr(tfa); were
observed®”). In a direct reaction procedure 0.05 ml samples of blood or plasma
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Cr(tfa); were formed at 175° (within 30 minutes): it was not necessary to digest
or ash the sample*”). Further applications for the determination of chromium are
described in Ref.3%.

Treatment of coal with gaseous hydrogen chloride at 600—700° effects com-
plete extraction of germanium tetrachloride, whereas heating the coal at 300° lib-
erates volatile organic compounds that interfere with gas chromatographic analy-
sis®®). Preliminary treatment with concentrated acids (e. g. sulfuric) at 150° also
allows a high extraction, if a concentrator consisting of a U-tube packed with ac-
tivated carbon is used.

Traces of fluoride can be separated from aqueous solutions by extraction with
triethylchlorsilane in m-xylene??. The conditions were optimized and co-precipita-
tion (for enrichment) reactions were tested??). Adsorption on hydroxyl apatite was
found most suitable. From acidified solutions of biological materials fluoride was
selectively extracted with a solution of trimethylchlorsilane in benzene*?, Organic
material or blood was destroyed by heating with hydrochloric acid and hydrogen
peroxide in a closed distilling apparatus. The resulting distillates were extracted by
triethylchlorsilane in tetrachloroethylene®¥.

Mercury(Il) solutions were mixed with 2.5 M sulfuric acid, 15% aqueous sodium
nitrite and 1% aqueous sodium 4,4-dimethyl-4-silapentene-1-sulfonate for the con-
version of mercury into a methyl mercury derivative by heating the tube in a boil-
ing water bath for ten minutes>>. After cooling the extraction with benzene fol-
lows. For application to sediment or fish tissues the samples were oxidized with
boiling nitric acid. To prevent the occurence of interfering peaks, the benzene solu-
tion was extracted with sodium thiosulfate solution; potassium iodide was added,
and the mercury compound was then extracted in toluene®). As arylating agent
lithium pentafluorobenzenesulfinate gives good results for the determination of

inorganic mercury in water, urine and serum®®).

Inorganic mercury was also isolated as methyl mercury upon reaction with tetra-
methyl tin3®. The initial extracts were subjected to thiosulfate clean-up, and mer-
cury was isolated as the bromide derivative. The method yielded good agreement
between gas-chromatographic and atomic absorption spectrometric data. Twenty-
four samples were analyzed daily on a routine basis. Organomercurials could also
be determined and the differences from inorganic mercury could be detected by
these gas-chromatographic methods®?).

Various forms of iodine are convertible into iodoacetone, which was extracted
with hexane?®). For the detection of iodide in milk, proteins were precipitated with
diluted sulfuric acid, and the filtrate was treated with acetone and potassium iodate.
For total iodine a digestion with potassium carbonate was carried out at 600°46),
Elemental phosphorus is extracted into benzene or isooctane from water, aqueous
filtered extractions of mud or homogenized tissue-filtered extracts®),

Trace phosphate determination is effected by extraction with an organic solu-
tion of a quaternary ammonium salt, silylation of the extracted phosphate directly
in the organic layer and gas-chromatographic measurement with FID or FPDS%).

After wet or dry ashing of tea samples such as mineralizing of fats by dry ash-
ing procedure, trace amounts of nickel can extracted at pH 4.5—5.0 with a solution
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L 1 ! ~L 1 Fig. 1.1. Gas chromatogram of the determination of
0O 4 8 12 1 20 selenium as S-nitropiazselenol from dried skim mitk,
te [min] detector: ECD (after Shimoishi 1976, Ref.%1))

of monothiotrifluoroacetylacetone in n-hexane'®. The extract was washed with
sodium hydroxide solution to destroy residual chelating agent.

After nitric acid-magnesium nitrate digestion selenium can be derivated to 5-
nitropiazselenole and determined after extraction into toluene’#. The method is
suitable for the determination in orchard leaves, bovine liver, human placenta, hair,
blood and urine. Similar digestion was used for the gas-chromatographic determina-
tion of selenium in milk, milk products and albumin (Fig. 1.1)°". In environmentally-
based samples after wet ashing selenium was also determined as 5-nitropiazselenole
by a gas-chromatograph with a microwave emission spectrometric detector (MED)1°4).
Matrix effects, column deterioration and selenium loss were examined. The deter-
mination of the physiological levels of selenium in human blood, utine and river
water was employed after its reaction with 2,3-diamino-naphthalene at pH 2 and ex-
traction of the piazselenol into hexane!!'®). Digestion was effected with boiling ni-
tric acid.

With gas-chromatography it is possible to determine the presence of more than
one element. The determination of arsenic and antimony as triphenyl compounds
is based on their co-crystallization with thionalid and reaction of the precipitate with
phenylmagnesiumbromide (Grignard)loz). Following the decomposition of reagent
excess the compounds were extracted into diethylether. Atomic emission is measured
by a MED. Solid samples of coal, fly ash, orchard leaves and bovine liver (0,21 g)
were digested by a nitric acid-perchloric acid mixture wet ashing procedure!%? %99,

The simultaneous analysis of aluminum and chromium from water was effected
by heating samples with trifluoroacetylacetone in benzene at 55—60° for 20~25
minutes and shaking the organic layer with dilute sodium hydroxide45). High sensi-
tivities were reached for both elements (Fig. 1.2).

The metal diethyldithiocarbamates!®%: 106) were used to achieve the simultaneous
determination of copper, nickel and zinc in marine bottom sediments’S), Powdered
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Al Cr
[ Fig. 1.2. Gas-chromatographic determination of Al and Cr as trifluoroacetyl-
c 1 2 acetonates, chromatogram from 6.12 x 10~'3 g Aland 9.12 x 10~ 13 g Cr,
tg [min] detector: ECD (after Gosink 1975, Ref.#5)

and dried samples were treated in a micro-autoclave with mixtures of nitric and hy-
drogen fluoride acids at 150° for thirty minutes. The digestion is evaporated to re-
move silicon compounds. After precipitation of iron and manganese from the filtrate
of the ammonia solution the elements were extracted as carbamates (Fig. 3).

Other anions were also sensitively and selectively determined by gas-chromato-
graphy. Cyanide and thiocyanate were determined from cyanogen bromide after treat-
ment of ortho-phosphoric acid solutions with bromine water®®). The excess of bro-
mine was removed by adding aqueous phenol. For complex cyanides the first step
was the breakdown by irradiation with ultraviolet light’®. An aliquot part of the
aqueous sample was injected directly into the gas-chromatograph. Using chloramine-T
(sodium para-toluene sulfonechloramide) for the conversion of cyanide to cyanogen
chloride, it was possible to determine this anion in the biological specimen“:’). Cya-

Zn
Ni
Cu

Fig. 1.3. Determination of Zn, Cu and Ni as diethyldithjocar-

L bamates by gas-chromatography from a marine bottom sedi-
N SR T W S S ment sample (concentrations in the sample:
0 4 8 17.1 ppm Zn — 1.6 ppm Cu — 4.9 ppm Ni), detector: FID
tg [min] (after Radecki et al. 1978, Ref.”5))
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nogen chloride was extraceted into hexane. Cyanide was separated from blood, urine
and aqueous solutions by a technique using microdiffusion cells containing 0.1 N
sodium hydroxide in the central reservoir'!3). For gas-chromatographic determina-
tion of hydrogen cyanide combustion effluents were carried directly from a flow
reactor into a gas-sampling valve®?).

In Table 1.3.2 a method for the analysis of nitrates and nitrites for a wide variety
of samples is given!!%). Aqueous nitrate ions are converted to nitrobenzene by reac-
tion with benzene in the presence of concentrated sulfuric acid as catalyst. The special
methods for the different materials are described. To stabilize samples against bac-
terial action, which can reduce nitrate concentrations, phenylmercuric acetate is
added after collection’® 119, Other inorganic compounds in the trace levels for gas-
chromatographic determination are, for example, water and carbon monoxide, which
were determined in organic solvents or air in the ppb-range“' 109),

2 Liquid Column Chromatography

Ion-exchange chromatography has been extensively extended, particulary in the area
of inorganic analysis. It is used for different problems in trace analysis. In many cases
ion-exchange chromatography is not used to separate a substance mixture into single
compounds, but to separate out one ion from many others, which would interfere
with its quantitative analysis (Table 2.1.1). The determination of the separated ion
then follows after the ion-exchange step in the eluate fraction by different procedures.
Over the last few years methods have been described, with which the quantitative
analysis of the separated ions is carried out directly by the connection of the chro-
matographic column with a continuous-flow detector (Table 2.3).

A second extended function of the liquid column chromatography is to pre-
separate trace amounts of several substances for subsequent quantitative analysis
by a selective determination method such as atomic absorption spectrometry
(Table 2.3). Here often only a particular degree of separation is achieved. Non sep-
arated elements are to be determined with high-selective methods. In most cases an
enrichment is combined with these chromatographic methods (Chap. 4).

In contrast to the first and second examples — concerning separation of trace
amounts at the stationary phase — pre-separation of the matrix was also sucessfully
undertaken. The ions to be determined were not adsorbed in the chromatographic
column, but were placed in the effluent after the adsorption step (Table 2.2). This
was advantageous, because losses of trace amounts as a result of an incomplete elu-
tion process from the stationary phase were avoided.

However, chromatographic methods are only effective when the separation of
a mixture into its single components is possible. Only a few examples of this are given
for conventional liquid column chromatography in which a lot of work and time was
expended as a result of numerous elution steps, pre-extractions and other pre-treat-
ments (Table 2.4).
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Table 2.1.1. Liquid column chromatographic pre-separations of single compounds

Element Separation method Material Detection Detection  Ref.
limit
Ag Ton-exchange Water AAS 0.1 ppb 124)
B Ton-exchange Water, nutrient media Photometry ug-Levels 153)
Ba Ion-exchange Water AAS 10 ppm 168)
Be Ion-exchange Geological, industrial AAS ppb-Range 143)
materials
Bi Reversed-phase of Cerussite AAS ppm-Range 175)
thiourea complex (tri-
butylphosphate)
Ce Reversed-phase: biss  Sea water Fluorimetry: 1 ng/l 167)
(2-ethylhexyl)phos- + Ti3*
phate
In Reversed-phase: tri-  Gallium Fluorimetry; 18 ppm 135)
butylphosphate + Rhodamin G
Sn Asbestos, cellulose: Foodstuff (organotin Photometry 80 ppm 119)

Sn-catechol-complex  stabilizer)
from catechol violet

Su Cellulose Tin-copper mixtures Volumetry ug-Range 127)
Sn Ion-exchange Rocks, soils, red clay, Photometry: 0.1 ppm 171)
ferromanganese ma-  + phenylfluorone
terials
Ti Ion-exchange Silicate rocks, marine Fluorimetry, 0.1 ppm 151)
sediments, sea water  neutron activa-
tion
u Reversed-phase: Fission and activation Neutron activa- 0.5 ng 185)
2-thenoyltrifluoro- products tion
acetone

Recently important advances have made by combining high efficient liquid col-
umn chromatography with sensitive detection methods. These techniques are dif-
ferentiated into two groups:

1. forced-flow liquid chromatography,

2. high-pressure (or high-performance) liquid chromatography (= HPLC).

Forced-flow chromatography can be regarded as a preliminary stage of the HPLC.
Ion-exchange separations and spectrophotometric analysis have been coupled by con-
tinouos monitoring of column effluent. Moreover, it is differentiated from the classic
column chromatography by the utilization of smaller packing particles. In compari-
son with HPLC in the stationary phase, materials with diameters of more than 50 um
are used which require only lower pressures of 5—10 bar for the promotion of the
mobile phase. Because it uses particles with diameters as small as 5 um and conse-
quently higher pressure, the chromatography is named HPLC!$Y), This classification,
however, seems arbitrary, and both conditions can be considered together as part of
a fast and high-efficiency liquid column chromatography with two distinguishing
characteristics in comparison to the classic LC:
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1. smaller particle sizes for the stationary phase and therefore higher separation
efficiency
2. continuous detection of the effluent

The increase in efficiency has opened possibilities for multielement analyses,
as already described for gas-chromatography (Chap. 1).

In Table 2.3 only those publications are classified as forced-flow chromatogra-
phy which have been explicitly designated as such by their authors. However, ear-
lier publications are also included under this heading. The different chromatogra-
phic methods which employ in columns, such as ion-exchange, adsorption, distri-
bution and reversed-phase chromatography allow the separation of several different
substance classes. For this reason liquid column chromatography significantly ex-
tends the application of chromatography as compared with gas-chromatography
which is limited to volatile compounds. In the following sections only those publica-
tions pertaining to trace analysis with applications for organic and inorganic materials
will be described.

2.1 Liquid Column Chromatographic Separations and Pre-separations
(Tables 2.1.1 and 2.1.2)

For determination of silver in water, pre-separation with quantitative elution by an
anion-exchange column was used!?®. After chelation with ammonium pyrrolidine
dithiocarbamate and extraction of the chelate with MIBK, measurement of silver
followed by AAS.

Boron was removed from distilled water by using a column of Dowex-1 (OH™-
form). For the photometric determination as a boron-curcumin complex, interfer-
ing ions were removed on small columns of Dowex-1(formiate) and Dowex-50
(Na*)153)_ For the evaporation and ashing step, calcium hydroxide was used (re-
covery of one ug: ca. 80%). By complexation of bivalent ions with 1,2-diamino-
cyclohexane-N,N,N',N'-tetra-acetic acid, water samples at pH 5.5 passed through a
column of Dowex 50 W-X 8 (NH3) for the determination of barium'¢®). Elution
followed with 4 M nitric acid. Particular references for the separation of barium
from sodium, calcium and sulfate are given.

After extraction from the matrix elements by chloroform of its acetylacetonate,
beryllium was separated from co-extracted aluminum by means of a column of the
strongly acidic cation-exchanger Dowex 50143), Adsorption is affected by tetrahydro-
furan-chlorform-methanol-hydrochloric acid medium, elution of aluminum with oxa-
lic acid, and beryllium with 6 M hydrochloric acid. Bismuth was selectively adsorbed
in the form of a thiourea complex on a column of a polymer with tri-butylphosphate
in the presence of the remaining Fe, Sb, Cu!7%).

Quadrivalent cerium was precipitated with Fe(OH)5; after dissolving in hydro-
cloric acid interfering ions were removed by extraction with MIBK!®7). After eva-
poration with HClO, the residue was dissolved in water and passed through a column
of bis(2-ethylhexyl)-phosphate on PVC, from which cerium was eluted with
0.3 M HClO,.
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Table 2.1.2. Liquid column-chromatography for separations of trace components from matrices

Elements Separation method Material Detection Detection limit Ref.
Trace el. Ion-exchange: step-  Natural waters AAS, fluorimetry  ppb-Levels 142)
wise elution
Metals Ion-exchange: step-  Manganese mod-  AAS ppm-Range 144)
wise elution ules
Metals Cation-exchange: Silicates AAS ppm-Range 152)
stepwise elut.
Cr, Cu, Pb, Fe Ion-exchange Synthetic mixtures Volumetry 10-% N 158)
Cr, V Chelating resin for - Photometry pg-Amounts 149)
VO3, CrOg
Mo, W Ton-exchange Sea water Photometry ppb-Levels (Mo) 139)
< ppb-Levels (W)
Zr, Hf Reversed-phase: - Photometry - 125)
acetophenone
Metals Ion-exchange Titandioxide crys- Ge(Li)spectro- 1019 10-5 ¢ 156)
tals methods
Metals Ion-exchange Silicate rocks Different methods ppm-Range llz;')
Cu, Ni, Zn, Cd Chelex 100 Silicate rock AAS ppm-Range 180)
samples
Zn, Pb, Bi Ion-exchange Heat resistance Photometry 2 ppm 146)
alloys, ferroalloys
Pt-group Ion-exchange Meteorites Photometry ppm-ppb Levels 163)
Cu, Zn Ion-exchange Plant leaves Neutron activation ppm-Range 172)
Pb, Cd Ion-exchange Urine, blood AAS < 1 ppm 184)
Pb, U, Th Ion-exchange Tantalar-niobates Complexometry, ppm-Range 173)
photometry
V, Al Ion-exchange Titanium Neutron activation 0.15 ppm 155)
Lu, Yb, Tb Jon-exchange Rocks Neutron activation ppm-ppb Levels 122)
Cu, Cd, Pb Cation-exchange as Pure bismuth Stripping volta- 10 ppm 169)
Complexes metry

Indium was sorbed and separated from germanium from 0.8 M HBr ad the
material ‘“‘Ftoroplast-4”, treated with tri-butylphosphate, and eluted with water for
fluorimetric determination with Rhodamine G!3%).

Organotin-stabiliser can be extracted from foodstuffs by various chlorinated sol-
vents and hydrocarbons. Interfering substances, especially inorganic tin, were pre-
separated by paper chromatography!!®. After fusion and formation of the tin-cate-
chol complex, chromatography was used for separation of the tin-complex from ex-

cess reagent.

By elution with butanol saturated with N HCI for tin, and with butanol-concen-

trated. HCL (1:1) for copper, these elements were separable by a cellulose column

127)

For the pre-separation and selective separation of thallinm an anion-exchange scheme
has been developed’*"). The method showed a coefficient of variation of 1.2% at the

6 ppm level.
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With 2-theonyltrifluoroacetone-impregnated Porapak for the determination of
U?3?, Np (from 23°U) was separated from fission and activation products and eluted
with 10 M HNO; with a chemical yield of 96.8 + 1.6% compared with 97.8 = 1.5%
by a solvent-extraction method'®%),

Toxic trace elements were isolated from water samples by extraction with di-
ethyldithiocarbamate (Table 2.1.2)'4%). Following this pre-concentration step the
metal ions were adsorbed on a cation-exchange resin using a mixture of tetrahydro-
furan-methylglycol-6 M HCI as sorption solution. The succesive elution was treated
with 6 M HC], 1 M HCl and 2 M HNOj for fractional separation. In another appli-
cation hexane-isopropanol-HCI mixture was used as the adsorption medium!*¥. An
analytical scheme which provides quantitative results, is described for ion-exchange
separation of fifteen major, minor and trace elements in silicates* 52, For concen-
tration and separation of copper, chromium, lead and iron an ion-exchanger in phos-
phate or OH™ -form was used in various combinations**®.

Using a Dowex A-1 resin, which has a polystyrene matrix with iminodiacetic
chelating groups, peroxy compounds of Cr and V were separable by adsorption,
while Nb, Ta and W were not adsorbed#?),

Molybdenum and tungsten were quantitatively separated from sea water by the
addition of H,0, and NH4SCN in 0.1 M HCI (for Mo) at a cation-exchange resin'3%.
Elution followed with 0.5 M NaOH/0.5 M NaCl.

By using acetophenone as a stationary phase on granular polyethylene, zircon-
ium and hafnium were adsorbed and separately eluted'2%.

Combination of anion-exchange and extraction by tri-butylphosphate allowed
a rapid and accurate determination of up to 21 metallic impurities in titan dioxide
crystals' 39, Anion- and cation-exchange resins were collected in series for separat-
ing of the major and some minor elements in silicate materials!??.

By stepwise changing of eluting agents with only a single cation-exchange resin
the quantiative separation and accurate determination of ten elements in silicate
rocks was possible!7®).

Silicates were decomposed with HF and aqua regia in a sealed Teflon vesse
With a chelating resin heavy metals were adsorbed from solutions with malonic acid
and eluted with 2 M HNO3,

Trace amounts of Zn, Pb and Bi (2—200 ppm) in Fe and Ni based alloys were
separated by anion-exchange chromatography 4.

Further examples for separations and pre-separations of elements are given in
Refs.163’ 172,173 and 184) (Table 22)

The pre-separation methods, precipitation of titan hydroxide, anion-exchange
separating and scavenging with lead fluoride, were examined and the higher sensitivity
of these methods compared with non-destructive determinations were observed!> 5)
for the determination of Al and V. By anion-exchange chromatography in a mixed
solvent system the separation of Lu, Yb and Tb for neutron-activation analysis was
possible!??, Lu and Yb were eluted in the same fraction, while Tb was obtained in
a separate fraction.

1180).

In the presence of Tiron, bismuth passed through a cation-exchange column,
whereas by addition of ethylenediamine Cu, Cd and Pb were sorbed on their com-
plexes for pre-separation and determination by stripping voltammetry 6%,
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Table 2.2. Matrix separations

Elements Separation method Material Detection Detection  Ref.
limit
Alkali-, Sephadex-gel Molybdenum  Emission ppm-Range 138)
earthmetals spectrometry,
AAS
Rare-earth Cellulose Uranium Emission ngRange 137
elements spectrometry
Metals Reversed-phase with  Uranium solu- AAS - 159)
tri-butylphosphate tions
Na, K, Mg, Ca DEAE-Sephadex: ion- Tungsten AAS 1-20 ppm 145)
exchange gel
Zn, Cd, Hg Modified silicagel Cuprum matrix Photometry ng-Levels 147)
with Pb- or Ag-dithi-
zonate

2.2 Matrix Separations (see Table 2.2)

Molybdenum(VT) sorption was achieved on Sephadex G-10 at pH 2.5 in ammonium
chloride solutions by the formation of a Mo-NH;-glucose complex!3®). Alkali- and
alkaline earth metal traces remained quantitatively in the effluent and were deter-
minable with a coefficient of variation of 10% up to 60 ppm, and 5% at above

60 ppm. Uranium was separated from rare-earth elements using a cellulose column
and an ether-nitric acid separation procedure*3?.

Reversed-phase chromatography on a tri-butylphosphate-impregnated Kel-F
column was used to remove uranium and other actinides from Al,Ca,Cd,Cu,Cr Fe,
Li,Mg,Na and Ni*5%). The effluent was 5 M HNO;, saturated with tri-butylphosphate,
which was evaporated to dryness for atomic absorption spectrometry.

Tungsten was separated on DEAE-Sephadex for determination of trace amounts
of alkali and alkaline-earth metals by AAS without matrix interference!*). Dithi-
zone in o-dichlorobenzene was used as the stationary phase on a Chromosorb sup-
port for the enrichment and separation of Zn,Cd,Hg and Cu'4”). By adding selec-
tive masking agents to the sample solution the adsorption of the traces was preven-
ted; the matrix was adsorbed. The separation of mercury from large amounts of cop-
per on columns coated with silver dithizonate for example was reported.

2.3 Separations by Liquid Column Chromatography
with Continous-Flow Detection (see Table 2.3)

For ultramicro determination of alkali and alkaline-earth metals ion-exchange chromato-

graphy was combined with a high-sensitivity hydrogen flame ionization-detec-
120, 121)
tor .
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Table 2.3. Separation by liquid column-chromatography with continous-flow detection

180

see also Ref.128)

Element Chromatography Applications: Kind of detection Detection Ref.
method/material material limit (detect.
amount
Alkali, Ton-exchange/ Synthetic Hydrogen flame ioni- Ca. 10™8 g (Cs) 120
alkaline- Zr phosphate Mixtures zation detector
earth metals
Alkali, Ion-exchange/ Synthetic Hydrogen flame ioni- 10”10—10_12g 121)
alkaline- Zr phosphate Mixtures zation detector
earth metals
Metal ions Ion-exchange - Luminescence: Ca. 1079 g 132)
addition of
luminol + H,04
Cations Cation-exchange - Photometry: reaction 10—5-10-6 g 140)
with PAR
Cations Cation-exchange - Photometry: reaction 10~5-10—% g 1a1)
with PAR or PAN
Anions, cations Jon-exchange Waste streams, Conductivity ppm-Range 170)
Waters, blood
serum, urine, fruit
juices
Cu, Co Ton-exchange - Luminescence: Ca. 1075g 154)
reaction
with luminol
Sn Ion-exchange NBS materials UV-225 nm 100 ppm 130)
Zn Ion-exchange Natural water Photometry: reaction ppb-Range 150)
with Zincon
Cl7, Br—,I” Ion-exchange Sea water Potentiometry ppm-Levels 129)
Re Reversed-phase: Molybdenite con- UV-227 nm 20 pg 157)
PTFA + tri-butyl- centrates, flue dust
phosphate
U Silica gel (U complex) Rocks, under- Photometry: reaction p-Amounts 174)
ground waters with Arsenazo III
forced-flow
Metal ions Ion-exchange, step- - UV-225 nm ug- To ng-Range 164)
wise elution-technique See also
140,
141)
Bi Ion-exchange NBS-standards UV-254 nm Ca. 10 ppb 187)
Fe Ion-exchange NBS-standards Photom. 355 nm 10~ %% 166)
Pb Ion-exchange Standard samples UV-270 nm ug- To ng-Range 165
Sb Ion-exchange Standard alloys, Coulometry: Ca. 1 ppm 179)
human hair reaction + I,
No3, NO5 Ion-exchange Cornstalks Coulometry, 0.1 ppm N 126)
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Table 2.3. (continued)

Element Chromatography Applications: Kind of detection Detection Ref.
method/material material limit (detect.
amount)

High-pressure liquid-chromatography: HPLC

Cu, Ni, Co Silica gel: sep. of - UV-254 nm, argon-  5--10 ng 183)
diethyldithiocarba- plasma d.
mates
Cu, Ni Silica gel, sep. as - UV-254 nm ng-Levels 181)
complexes with N,N’-
ethylene-bis(acetyl-
acetonimine
Cu, Ni, Pb, Hg, Reversed-phase: sep. - UV/VIS-spectro- ng-Levels 160)
Co, Se, Cr of diethyldithiocar- metry
bamates
Cu, Nj, Pd Reversed-phase: sep. — UV-254 nm ng-Levels 182)

as complexes with
f-ketoamines

Ni, Cu Reversed-phase: sep. — UV-254 nm 0.2 ng Ni 131
of tetradentate 0.5 ng Cu
B-ketoamine chelates

Se, Noy Reversed-phase: Se as Water, biolog. UV, fluorimetry 0.5 ppm (Se)  186)
piazselenole, NO7 samples 0.1 ppm (NO3)
as 2,3 naphthotriazole

Se Reversed-phase: as - UV, fluorimetry ng- To pg-Levels 161)
piazselenol or diethyl-
dithiocarbamate

Se Reversed-phase: chlor- Water samples UV-254 nm 0.32 ppb 162)
piazselenol

Hg Reversed-phase of - UV-254 nm 0.1 ug 148)
dibenzo-18-crown-6
complexes

S Reversed-phase with ~ Water, oil UV-254 nm Ca. 1079 123)
gel (styrene-divinyl-
benzene)

Cu Ion-exchange of NTA-, Water UV-235 nm ng-Range 136)
EDTA-complexes

Thiosulfate, Ion-exchange Environmental Fluorimetry: 0.3 ppm 188)

polythionates samples, waste reaction with Ce(IV)

water

The chemiluminescence reaction of metal ions with luminol and H, 0, was used
to detect traces of twenty metal ions in the effluents after ion-exchange chromato-
132,154
graphy ).
For separations on macro- and microreticular cationexchange resins in column
chromatography aqueous acetone-hydrochloric acid solutions were used and the ef-
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1 v 2 \
N A

£
-
Te)
N Fell
Te)
- Fig. 2.1. Liquid column chromato-
© graphic separation of metal ions on
3 Amberlite 200 (25—30 um), step-
s wise elution-chromatography with
‘g Vm hydrochloric acid-acetone (1) and
a MnZ hydrochloric acid-acetone-dimethy!-
<C Ni formamide mixtures (2), detection sys-

tem: effluent reaction with PAR,

T T y 1 ¥ absorbance measurement at 525 nm,
0 5 10 15 20 25 30 35 amounts: 10~ 8 mole range (after

tg [min] Kawazu 1977, Ref.140))

ficiencies were compared”o). By stepwise elution chromatography trace amounts
of Cd,Zn,Fe,Cu,Pb,Co,Mn,V and Ni were separated and automatically detected by
flow spectrometry within 35 minutes (Fig. 2.1). The metal reagents PAR and PAN
were used for reaction after separation!4% 141,

For using a conductivity cell as a universal and very sensitive monitor of ionic
species, a novel combination was used to neutralize or suppress the background from
eluents in the jon-exchange chromatography without significantly affecting the species
being analyzed (Fig. 2.2)'7%). Automated analytical schemes are given for separations
of several cations and anions. By a polyacrylate resin, XAD-11, only Sn, Hg and Au
are removed from 1 M HCI solution. Tin analysis is described with contiuous-flow
detection at 225 nm'39, The selective analysis of zinc in water was possible by sepa-
ration at a cation-exchange resin and measurement of absorbance in the eluent after
reaction with the reagent Zincon!3?,

The potentiometrical detection by a silver-silver chloride microelectrode was
used for the determination of trace amounts of halides in the presence of other ions

A B
Na*
K#
NHZ
K* Na*
k-/k_ Fig. 2.2. Ion-exchange-chromatography of K*, Na*
— L and NHZ from dog's blood serum (A) and grape

1 ) - 1
6 5 10 15 O 5 1015 juice (8) by detection with conductivity measure-
tr [min] ments (after Small et al. 1975, Ref.170))
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a
T

ClI Br

JaN
-+

Fig. 2.3. Direct determination
of bromide in sea water by

Peak height/mV
W

2r liquid column-chromatography
/J\/J (ion-exchange) and potentio-
1+ metric detection, bromide con-
tent: 60 ppm, chloride content:
o) . i 20,000 ppm (after Franks and

«— 30minutes —= Pullen 1974, Ref.129))

(Fig. 2.3)'*%. Ion-exchange with Zeo-Karb materials allowed the separation of chlo-
ride, bromide and iodide and their determination in sea water. Theoretical background
and experimental details of the detection system are given.

For continuous-flow detection in the UV region ReOZ was separated from MoO2~
and other absorbing ions by reversed-phase chromatography with tri-butylphosphate
on PTFA'57), Previous equilibration with M H,SO, was necessary. Interfering species
were removed by washing the column with M H,50,, rhenium was eluted with water.
The spectrophotometrical determination of uranium traces after reaction of effluents
with Arsenazo III is described”®. From the solution containing EDTA and tartaric
acid at pH 5, uranyl ions were selectively adsorbed on a silica gel column.

2.3.1 Forced-Flow Chromatography

Anion-exchange adsorption behavior of ten metal ions in mixtures of HCI and HCIO4
was studied ¥, By forced-flow chromatography and automatic UV detection of the
eluent stream trace amounts could be determined 4% 141,

By elution with 0.5 M HBr bismuth was selectively separated from other metal
ions on a cation-exchange column, the elution was spectrophotometrically and auto-
matically recorded (Fig. 2.4)'87. A rapid and selctive separation method for iron
was described, which used a macroreticular Amberlyt A-26 resin (strong-base anion-
exchanger)'®®), The iron was concentrated on a small volume and then stripped with
dilute HCI. Continuous determination in the effluent followed by spectrophotome-
try.

Similar forced-flow chromatography separation using anion-exchange chromato-
graphy and automatic detection is described for lead'6%). With a platinum coulo-
metric detector the highly irreversible electrochemical oxidation of Sb(Ill) in dilute
HCl was electrocatalyzed by I™ or I, and specifically adsorbed at the electrode sur-
face! 7%, This detection system was used coupled with the ion-exchange separation
of antimony.

After separation with a strongly basic anion-exchange resin, dissolved NO3 and
NO3 were separated within nine minutes and were detected by a Cd coulometric
detector!2%), A rotating Cd disk electrode was also used.
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| .
Solvent Bi
Hg Sb
Cd

Fig. 2.4. Determination of bismuth by for-
ced-flow liquid-chromatography, resin: Am-

1 L ! ] e L berlyst 15, 250—-325 mesh, 0.17 ug Bi(Ill),

0 3 6 detection: UV-254 nm (after Willis and

tg [min] Fritz 1974, Ref.187))

2.3.2 High-Pressure Liquid Chromatography (HPLC)

The metal diethyldithiocarbamates, used in gas-chromatography (Chap. 1), were
also separated by adsorption high-pressure liquid chromatography on 8 um diameter
spherical silica (elements: Cu, Ni, C0)!8). In this instance no problems such as those
in gas-chromatography arose, because there was thermal instability. To confirm the
metal content of eluted peaks and permit specific detection, an argon-plasma emis-
sion spectroscopic detector was used as well as a UV detector. Complexes of Cu and
Ni with N-N'-ethylenebis(acetylacetoneimine) or N-N'-ethylenebis(salicylaldimine)
were also separated by adsorption HPLC with UV detection!®V). The reversed-phase
chromatography with chemically stable bonded stationary phases (alkyl-groups on
silica gel over silicium bridges) was used for separation of some metal complexes
(Table 2.3)160: 182, 131, 148) pAnplications are published for the determination of
selenium in water samples (Fig. 2.5186, 162)),

The reaction which was used was previously described for the gas chromatogra-
phic determination of compounds such as piazselenol (Chap. 1); comparable sensiti-
vities were obtained by UV and fluorimetric detection. No difficulties in elution were
obs%r;/)ed for liquid column chromatography in comparison with gas chromatogra-
phy®®.

Further applications are described for sulfur (Fig. 2.6) and copper in water by
reversed-phase or ion-exchange high-performance liquid chromatography 23 136),
Also anions such as thiosulphate and polythionates were separated from environ-
mental samples by HPLC (anion-exchange)'®®. The sensitive detection was made
possible by reaction with Ce(1V) after separation and fluorimetry of Ce(III) ions.
The developments and applications of HPLC for inorganic trace analysis are still in
their beginning stages.
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Total
extracted
organics
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Fig. 2.5. Determination of selenium in water by Fig. 2.6. Analysis of elemental sulfur by HPLC,

reversed-phase HPLC of S-chloropiazselenol material: process water from heavy-water plant
(content: (.8 ppb), detection: UV-320 nm (chloroform extract), detection: UV-254 nm
(nach Schwedt and Schwarz 1978 , Ref.162)) (after Cassidy 1976, Ref. 123))

3 Paper and Thin-Layer Chromatography

Numerous papers deal with the separation of ions, inorganic substances and metal
chelates an layers using paper and thin-layer chromatography‘sg’l”). However, only
a few publications provide exact and complete quantitative data. These methods and
techniques are important for inorganic trace analysis because they offer simplicity
of separation, the use of selective spray reagents for detection and the possibility of
automatization of quantitative evaluation by scanning methods.

Classic paper chromatography like distribution chromatography is also carried
out today in most cases in layers on a support sheet. To obtain low standard devia-
tions extensive automatization from sample application to evaluation is necessary.’
The essential advantage in comparison to liquid column chromatography is the pos-
sibility of separating several samples side by side, because therefor usually no appa-
ratus is required.

3.1 Separations of Trace Amounts

In Table 3.1 a number of recent studies which concern themselves with the more im-
portant aspects of separation by paper and thin-layer chromatography for inorganic
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Table 3.1. Paper and thin-layer chromatography of trace amounts

Element Chromatography Detection Detection Ref.
limit
Cs, Rb PC: as picrates Elution: photometry 5 pg 251)
Cu, Co PC: as 2-hydrazinothiazole  Planimetry 0.1-6 ug 267)
derivatives
Ag, Cu, Pb, Cd PC + Fe or Pb dicthyldithio- Visual 0.05-0.2ug 196
carbamate (precipitation-
chkromatography)
Pt, Pd PC + metallic Ag Visual: redox process Pt 0.5 ng, 212)
Pd 2ng
Ni, Cu PC + dimethylglyoxime or ~ Visual ug-Range 213)
dithiooxamide
Zr, Hf PC + NH4NOj5 (ascending PC) + Arsenazo 111 ug-Range 226)
Fe PC + CaCl, Visual 7 ug 237)
Zr, Nb PC + methylene-bis(di-n- + 8-Hydroxychinoline Zr ug-range 260)
hexyl) phosphine oxide
Co PC+ l-nitroso-2-naphthol  Planimetry 0.31 ug 263)
Mg PC + chinalizarine Visual 0.68 ug 264)
Ag PC + azorhodanine groups Photometry 5x10~7%on 289
5 mg cellulose
Te PC + Bismuthiol II Visual 0.15 g 285)
Ni PC + zinc diethylxanthogenate Visual 2ug 31
s PC + Ba rhodizonate Planimetry 0.22 ug 204)
U (acetato DEAE(cellulose)anion- + K 3[Fe(CN)g] (ting- ng-Range 194)
complex) exchanger oven)
Zn Cellulose + liquid ion- + PAN (densitometry) 1 ug 241)
exchanger 242)
Zn, Cd, Co, Fe Cellulose + liquid ion- + PAN (densitometry) 1 ug
exchanger
Au, Se, Te Al,03, Al;O3-glass powder, + SnCl, 0S5ug 236)
: Al,O3-silica gel: TLC
Fe, Co, Mn, Ni, TLC: silica gel, as tetra- Visual 10~10 moles  253)
Zn, Co, Rh, Pb, phenylporphyrin chelates
Cd, Hg
PasPO3~ TLC: silica get Elution: molybdate 0.2 ug P 261)
reaction
Ni, Cu, Co, Mn TLC: silica gel, as PAN- Elution: photometry 0.4 ppm 227)
chelates
Co, Cu, Ni TLC: Al,03 + dithizone Reflectance measure- Cu 1,2 ug, 266)
ment Ni6.2 ug,
Co 0.8 ug
F, Cl, Br, J TLC: silica gel + starch Visual: + bromcresol- 1-2 ug 310)
binder fluorescent reagent purple
Cu, Cu, Ni, Fe  TLC: Al;03, combination  Visual: + rubeanic 5-10ng 233)
of ring-oven and circular acid, + KSCN
chromat.
S-anions Cellulose: ring-colorimetry  Different spray 0.2—-1 ug 245)
reagents
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trace analysis are compared. In paper chromatography, for example, metals present
as picrates®S1) or 2-hydrazinothiazoles?¢”) as well as in the form of ions (e. g.27%)
are separable by distribution chromatography and they can be determined in the
pg-range after elution or directly on the layer.

Metal ions were, moreover, successfully separated on impregnated paper and
quantitatively registered. Organic chelating reagents (Table 3.1) or inorganic substan-
ces212 226, 237) are yseful for impregnation. The organic group can also be bonded
to the cellulose (e. g. as an azorhodanine group)?89.

Cellulose ion-exchange materials!®* 247> 248) and layers of cellulose which have
been impregnated with liquid ion-exchangers?#!+ 242) can be used to separate ions.

In thin-layer chromatograg)hy cellulose can also be put in as a stationary
phase?30» 231, 234, 235,245, 281)  Alymina?3%) and silica gel?27 253 261) and mixtures
of them?39) can also be used. It is possible to separate ions by distribution chromato-
graphy?3%: 261) and chelates by adsorption chromatography?2”> 244 253) Impregnated
layers are also used in thin-layer chromatography as well as in paper chromatogra-
phyz“).

Higher detection sensitivities can be regularly obtained by the application of the
ring-oven technique in connection with thin-layer chromatography?33: 245 256. 257, 258)

3.2 Detection and Determination Methods

For quantitative analyses in paper and thin-layer chromatography the following eva-

luation and detection methods are in use (Table 3.2.1)27%):

the visual method!®% 299,

planimetry — colored substances
— after sprayingzgo);

207)

Table 3.2.1. Determination methods in paper and thin layer chromatography

Element Chromatography Detection Detection Ref.
limit
Ru, Os PC Visual: + thiourea ng-Range 292)
Sn TLC: silica gel Visual: + 2,2'-diquinoxalyl 20 ug 199)
Mn, Co, Ni PC as 2-hydrazinothia- Planimetry Mn 8 ng, Co 20 ng
zonates Ni 60 ng 207)
Cd, Bi, Pb Ascending PC Planimetry: + 2-mercapto-  Cd 30.7 ug, Bi 2%9)
S-anilino-1,3,4-thiodiazole 0.1 ug, Pb 0.4 ug
Cd, Co, Ni, Zn, TLC: silica gel + diato- Spectrophotometry 1pg 224)
Hg meous earth as dithi-
zonates
Ni, Co, Cu PC Photometry in situ: 2 ug 250)
+ rubeanic acid
In PC Photometry in situ: 0.25 ug 262)
+ alizarin
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Table 3.2.1. (continued)

Element Chromatography Detection Detection Ref.
limit
Co, Ni, Cu, Bi, TLC: cellulose, silica Photometry in situ: 0.01 pug 281)
PB,Mn, Cd, V, gel ’ PAR, PAN
U
u PC Photodensitometry: 10 ug 205)
+ K3[Fe(CN)g1
Se PC Photodensitometry: 3 ug 283)
+ thiourea
Ni, Co, Cu, Pb, TLC: silica gel Photodensitometry: 0.1-3.2 ug 306)
Mn, Cr, Hg, Zn, colour reagents
Bi, Fe, Ba, Sr
Ni, Co, Cu TLC: alumina, silica  Diffuse reflectance spectro- 50 ng 231)
gel, cellulose metry: + rubeanic acid
Ni, Co, Cu TLC: alumina, silica  Diffuse reflectance: + pyri- 10 ng 234)
gel, cellulose dine-2-aldehyde-2-quinoyl-
hydrazone
Cu, Ni, Co TLC: cellulose, silica  Reflectance spectrometry 10-20 ng 230)
gel as chelates
Co, Ni, Zn Cellulose Reflectance spectrometry:  pg-Range 235)
+ neocuproin or dimethyl-
glyoxime
Fe, V, Ti/Ge, Cellulose/silica gel Fluorimetry, photometry: 0.8—4 ug 255)
As, Sb + tropolone/thiocarbonate
resp. quercitin
Pb, Bi, U, Th, TLC: fluorescent sup- Photometry, fluorimetry: ug-Amounts 254)
Cu, Co, Ni, Cd chromogenic reagents
Mg, Ca, St PC Fluorimetry in situ: ug-Amounts 269)
+ 8-hydroxychinoline
Sn Cellulose: Chloro- Fluorimetry of the chloro- 0.5 ug 313)
’ complex complex
Alkaline-earth PC  ° Electrometry 50 ug 216)
metals
Ni PC Radiometry: Ni 355 10 ng 217)
SOZ_, Poi‘ Indium oxide layer Autoradiography: 35g 32p jp-14 g 222)
(4 um size, thin-film)
Li, K, Cs PC Flame photometry ug-Range 220)
Cu, Pb, Bi PC + Oxine: elution, photo- 4 ppm 200)
metry
Ba, Ca, Mg, St Cellulose + Oxine: elution, emission  0.05 ppm 232)
spectrometry
Hg, Cu, Pd, Bi, TLC: silica gel, as Elution: photometry 0.125—0.5 ppm 39%)
Nj, Co, Zn, Pb  dithizonates
Al, Be PC + Salicylaldehyde, clution,  ug-Range 203)
spectrofluorimetry
POy~ PC Mineralization, molybdato- 0.1 umole 239)

reaction, photometry
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spectrophotometry in situ, photodensitometry of colored zones” 2% 307, 309, 310),
spectrophotometry in situ, photodensitometry after spraying?0%: 250,262,273, 281,283, 306),
diffuse reflectance spectrometry?30 231, 234, 235, 273),

fluorimetry25% 255, 269, 313).
electrometryzw);
radiometry (autoradiography
flame photometry?29);

elution with different spectrometric methods for determination200» 203, 232, 305),

Y217, 222),
b}

determination after mineralizing (for paper chromatography

)239).

Quantitative details for the reproducibility of detection limits give a picture of
the precision and the sensitivity of the various evaluation methods (Table 3.2.2).
The data are stated either as error or as standard deviation in the literature.

Table 3.2.2. Quantitative results of paper and thin-layer chromatographic determinations (examples)
(For chromatography details see Table 3.1 or 3.2)

Elements Detection method Detection limit Quantitative Results Ref.
error S.D.
Zr, Hf + Arsenazo III: visual Zr: 17.7 g — HE: Zr 1.9% - 226)
17.1 pg Hf 0.5%
Te + Bismuthiol II: visual 0.15 ug 2% - 285)
Pt, Pd Planimetry: peak height Pt0.5ng~Pd2ng Pt: 5-9% - 212)
Pd: 5—-14% -
Ni, Cu Planimetry: peak height Cu: 2.5 mg/ml Cu: 10%, - 213)
Ni: 50 pg/ml Ni: 50%

Ni, Co, Cu + Rubenanic acid: 0.05 ug 2-5% - 231)
diffuse reflectance spectr.

Co, Cu, Ni + TAR: reflectance spectr.  0.01-0.02 ug - 1.5% 230)

Several metals Colour reagents: C0.1-3.2 ug - 0.2-2.1% 306)
densitometry

In + PAN: densitometry 1 ug - 5% 241)

Zn, Cd, Co, Fe + PAN: densitometry 1 ug - 4% 242)

Nj, Co, Cu + Rubeanic acid: photo- 2 ug 3% - 250)
metry in situ

Cd, Co, Ni, Zn, Elution: photometry 1ug Hg10%,Cd  Co8.5% 229

Hg (as dithi- 7.8%, Nil12%, -~

zonates) Zn 11% -

Heavy metal Elution: photometry

Heavy metal Elution: photometry 0.125-0.5 ppm - 4% 305)

dithizonates

Ba, Ca, Mg, Sr  + Oxine: elution, emission 0.05 ppm 10% - 232)
spectrometry

S PC + Ba rhodizonate, 0.22ug (~1.134g)  — 0.6-1.5% 299

planimetry
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In the ug-range visual methods also give satisfactory results?2%> 285)_ Evaluations
in the nanogram-range are?** 2'3) possible using planimetry. Diffuse reflectance spec-
trometry or densitometry yield results with relative standard deviations of 0.2—5%
in the nanogram- and microgram-range?3%> 241, 242, 250, 306)_1f an elution is carried
out before photometric determination, larger mistakes appear?2% 232, In favorable
cases relative standard deviations of 4% can also be obtained3°%),

A look at Table 3.2.2 shows that quantitative paper and thin-layer chromatogra-
phy, above all in the microgram-range, are comparable with other chromatographic
methods or techniques used in inorganic trace analysis (Table 1.3).

3.3 Applications

The significance of paper and thin-layer chromatography lies in the possibility of
pre-separating single elements by simple means and also in the separation of element
mixtures from different materials in connection with detection and determination
methods, Disadvantages for quantitative trace analysis are reproducibility problems

Table 3.3.1. Application of paper-chromatography

Element Chromato- Material Ref.
graphy
Ni, Co, Cu, Zn, PC Rocks Comparisons with various 195)
Nb, U other analyt. methods
Cu, Co, Ni Strip-PC Minerals Elution, various reagents 218)
Ni, Co, Cu, Mn PC Silicates Comparison with spectro- 223)
graphy, photometry, AAS
Fe, Cu, Co, Zn,Mn PC Foods Review 282)
trace elements 8-Hydroxy- Biological Various methods 228)
chinoline- materials
extraction, PC
Cations Circular-PC Dyes Several spray reagents 304)
Alkali metals Strip-PC Minerals + Violuric acid, elution 202)
Alkali metals PC Water Elution, flame photometry
Cr, Ni PC Air + 0-Hydroxychinolin 268)
Co, Ni, Cu PC Air + Rubeanic acid 272)
Si PC Biological material Planimetry 271)
Toxicology metals TLC: as Autopsy tissues Photometry 308)
dithizonates
Heavy metals TLC: as Water, sludge Photometry 294)
dithizonates
Hg, Zn, Bi, Ni, Co, TLC: as Pharmaceuticals Photometry 287)
Cd dithizonates
Hg TLC: as Qintments, biol. Photometry 275)

dithizonates mat.
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(above all in paper chromatography) in separations and in the quantitative evalua-
tion as well as the long separation times.
For this reason, the number of quantitative applications in comparison to the

described separation possibilities and qualitative analyses is relatively small. Distri-
bution chromatographic separations at cellulose are carried out mostly at layers on

plates today. In Table 3.3.1 publications are compared, which review the applica-
tions of paper chromatography to various materials such as minerals, food, biological

Table 3.3.2. Quantitative results of paper and thin-layer chromatography: inorganic materials

Element Chromatography  Material Detection method Detection Ref.
limit

Cu Paper-chromato-  Cadmium selenide + Diethyldithio- 0.05% 265)
graphy carbamate

Nb Paper-chromato-  Ores, minerals + Tannin 50 ng 229)
graphy

u Paper-chromato-  Ores, water Fluorimetry 1 ng 243)
graphy

U Paper-chromato-  Geochemical + PAN 1 ppm 289)
graphy samples

Cu, Al Paper-chromato-  Corrosion pro- + Aluminon, 0.01-0.1 ug 303)
graphy ducts AAS

Ru, Os Paper-chromato-  Mineral raw ma- + Thiourea 1-3x10"5%  293)
graphy terials

Se, Te Paper-chromato-  Minerals + 5nCly, reflec- 1074 238)
graphy tance spectrometry

Se, Te Paper-chromato-  Sulfide minerals  Elution, photo- ug-Range 288)
graphy metry

Co, Cu, Ni, Zn Paper-chromato-  Rocks, soils + Various reagents S ng Zn, 20 ng 270)
graphy Co, Cu, Ni

Ni, Co, Cu, Fe  Paper-chromato-  Sulfide ores, rocks + Rubeanic acid 2x 104 316)
graphy

Li TLC: cellulose Alkali metal solu- Fluorimetry, photo- 1 ppm 277)

tions metry
Pb TLC: cellulose Ceramics + Diphenylcarba- 20 ug 197)
zide

Ni, Co, Mn, Cr, TLC: silica gel Cosmic dust + Rubeanic acid,  ug-Range 296)

Fe densitometry

Fe, Cu, Hg, Zn, TLC: silica gel Rare-earth pre- + Rubeanic acid 10729 315)

Ni, Ca parations

Rare-earth TLC: silica gel Uranyl nitrate + Arsenazo III 1039 317)

Rare-earth TLC: silica gel Magnetic alloys Various methods  ug-Range 300)
+ bis(2-ethylhexyl)-
phosphoric acid

Rare-earth TLC: silanizated  Ores, technical + Neothorine 50-100 ng 252,
silica gel products, pure ele- 259)

ments
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samples, air and water, as well as pharmaceuticals. Comparison of the results with
those of other analytical methods were carried out. Thin-layer chromatography,
above all has been applied in the separation of metal dithizonates. Examples are given
in Ref,275- 287,294, 308) However, these examples provide no information about the
detection limit.

In Table 3.3.2 publications concerning the application of paper and thin-layer
chromatography for elemental trace analysis in inorganic materials are compared
insofar as they include data about the detection limit.

Not only pre-separation of some elements (Cu, Nb, U) but also separations of
mixtures are described. The detection limit is given as either the content level in the
material for the procedure or as the absolute amount at the layer.

In Table 3.3.3 applications for the determination of elements in organic and en-
vironmental materials are presented. Here also only those works were cited, which
contain quantitative or at least semi-quantitative results.

In addition to distribution chromatographic of ions on paper by utilization of
various spray reagents to help detection, thin-layer chromatography of metal chro-
matography of metal chelates, more than any other technique, has been widely applied
with metal dithizonates in particular®®7» 198, 319,201, 321)_

The kind of evaluation made determines whether a semi-quantitative or quantita-
tive procedure will be used for the inorganic trace analysis.

Table 3.3.3. Quantitative results of paper and thin-layer chromatography: organic and environmental
materials .

Element Chromatography  Material Detection method Detection Ref.
limit

Cu Paper chromato-  Pharmaceuticals ~ + Dithizone, elution 4 ug/sample 302)
graphy

St Ring-PC Vegetable, sea- + Na rhodizonate, ug-Amounts  208)

water ashing, extrative-
photometry

Paper chromato-  Vegetables Ashing, + PAR photo- ug-Amounts 209)
graphy metry

Tl Paper chromato-  Organic materials  Ashing, extractive- ug-Amounts 211)
graphy photom.

U Paper chromato-  Soils, plants - ppm-Range 291)
graphy

v Paper chromato-  Biological materials Decomposition, pg-Amounts  210)
graphy photom.

Zn Paper chromato-  Blood serum + 8 Hydroxyquinoline ug-Amounts/ml 215)
graphy

Zn Paper chromato-  Blood Ashing, spectrometry 2.5 ug 317)
graphy
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Element Chromatography  Material Detection method Detection Ref.
limit
Zn Paper chromato-  Urine Elution, complexo- 3ug 295)
graphy metry
Cu, Zn, Fe, Paper chromato-  Plant-leaf material Various reagents, 1 ug (ppm- 318)
Mn graphy reflectance spectro- Range)
metry
Cu, Co, Ni, Paper chromato-  Foodstuffs Reflectance spectro-  0.05 ug (ppb 219
Mo, Mn graphy metry To ppm-Range)
Ni, Mn, Co, Paper chromato-  Vegetable oils Various reagents, 1ug 240)
Cu, Fe, Zn, graphy photometry
Mo,V
Ag TLC: silica gel Drugs Photodensitometry 50 ppm 276)
B TLC: of B-curcu-  Caviar Photometry 1ng 214)
min complex
Cd TLC as dithizonate Pharmaceuticals Reflectance photom. ug-Range 279)
Mg TLC: Al,03 Cotton materials  + Benzidine 0.1-0.3 ppm 299
Hg TLC as dithizonate Foods Elution, photometry  ug-Range 198)
Mn TLC as PAN-chelate Pharmaceuticals Photometry 0.5 ppm 278)
Pb TLC: cellulose Mineral oil Fluorimetry as PbCl%" 2 ppb 314)
Pb TLC: cellulose Qils Fluorimetry as PbClﬁ_ 0.3 ug 312)
Pb TLC Air + Dinatrium-tetra- ug-Amounts 246)
Hydroxyquinoline
Pb TLC Blood Elution, photom. 20 ug/100ml  206)
S TLC Shampoo Spectrodensitometry 0.3 ug 286)
Al Be,Cr  TLC: silica gel Water Fluorimetry, Al 0.1 ppm 320)
photom. Be, Cr 1 ppm
Co, Cu,Ni TLC: silica gel Ceveals + Rubeanic acid, ppb-To ppm- 229)
photometry in situ levels
Hg, Bi, Cu, TLCas Water Photometry 0.5 ppm 319)
Zn, Sn dithizonates
Ag, Cd, Co, TLCas Blood, urine, Elution, photom. 100 ng/! 201)
Cu, Hg, Ni, dithizonates excrement
Pb, Zn
Zn, Cu, Ni, TLC as diethyl- Water + Dithizone ng-Range 297)
Pb, Hg, Cd  dithiocarbamates
14 Metals  TLC as Water Photometry 0.1 ppm: Fe. 21
dithizonates, Cu, Hg, Cd
oxinates 0.5 ppm: Cu, Ni,
Mn, Pb, Zn, Bi,
Sn
1 ppm: Al, Be
8 ppm: Cr
Alkaline  TLC: cellulose Vegetable ash + 8-Hydroxychino-  Ba 50 ng, 280)
€ line, fluorimetry Sr 20 ng,
Ca 10 ng,
Mg S ng
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4 Chromatographic Methods for Enrichment
(see Table 4)

Numerous of the column chromatographic methods described in this paper make
possible or simultaneously included the enrichment of the separated elements
(Chaps. 2.1 and 2.2). In this section only those publications are mentioned which
concentrate on enrichment applications.

Ion-exchange procedures in particular are suited for the enrichment of cations
and anions. Examples for anion-exchange concentration of impurities in rare-earth
materials are given®>”). Anion-exchange is also used for the enrichment of the uranyl
thiocyanide complex328). Uranium is directly determined on the resin by delayed-
neutron counting. Complexes of cobalt, zinc and cadmium were enriched on an anion-
exchanger. A ligand-loaded resin column can also be used to remove them
(Table 4.1)33Y, In addition to the conventionally used resins like Dowex polyure-
thane resins®**" and carboxycellulose exchangers are also described34?: 343 Enrich-
ment by resins is comparable with co-precipitation methods (with PbS, Fe(OH),
AI(OH)3) in the sorption efficiency®*"). Frequently chelating resins are described
for the enrichment of several heavy metals32% 333, 334,340) I the simplest form
the chelating agent is immobilized on a glass support33?), A comparison was made
between anion-exchange and co-precipitetion, which showed the same performance
in the recovery of inorganic traces but more efficient>3?). Retention of cadmium,
cobalt, copper, nickel and zinc by a column of Ca-Chelex is achieved at pH 6.5%%9),
At lower pH’s slow resin kinetics lead to trace metal losses. The fundamental effects
of this have been studied. A mixture of a Chelex 100 resin and Pyrex glass powder
of the same mesh-size has been successfully used for enrichment of several ele-
ments>3®. Furthermore chelating resins were produced by co-polymerisation of
styrene and 3(5)-methylpyrazole3?® or by diazo-coupling of dithizone to form a
modified carboxymethylcellulose325). The first chelate sorbent was boiled with a
solution of noble metals. Complex formation was indicated by IR-spectrometry.
After filtration the resin was then calcinated with 2 mixture of perchloric, nitric
and sulfuric acid32%. For the pre-concentration, partial separation and quantitative
recovery of trace elements from sea water some ligands such as dithizone or oxine,
diazo-coupled ad the second ion-exchange material, were used in a column- or also
sheet-form-technique32%),

The simultaneous pre-concentration of manganese, chromium and vanadium is
possible by combination of ion-exchange with redox reactions on a Fe(II)-treated
resin®?%). Beside ion-exchange chromatography reversed-phase methods are very
important for trace enrichments322- 323:338) (On inert materials (e. g. PTFA, Tef-
lon) tri-butylphosphate (TBP) is used as stationary phase. This method is also prac-
ticed by TBP-loaded polyurethane foam32™. After extraction of aurum(III) from
acidic solutions of thiourea into TBP the complex is separated and enriched in such
foam columns. Plasticized foam with dithizone allows the enrichment of silver32®).
The effects of different plasticizers, pH of the aqueous phase and dithizone concen-
tration in the foam on the collection rate of silver were investigated. Furthermore
activated carbon was used for pre-concentration of several cations®** with a high
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Table 4. Trace enrichment by chromatographic methods

Elements Chromatographic system Material Concentration Ref.
factor or (de-
tection limit)
U Anion-exchange: uranyl thio-  Water (0.04 ug/l) 328)
cyanide complex
Co, Zn, Cd Anion-exchange: complexes - 300 331)
with 2-(3'-sulfobenzoyl)-
pyridine-2-pyridylhydrazone
Au Ion-exchange: Dowex 1-X 8, - - 341)
polyurethane resin
24 metals Carboxycellulose cation- - (1-100 pg/l) 342, 343)
exchanger
Cu Anion-exchanger or 8-hydro- Natural {ug-Range/1) 332)
xychinoline immobilized on waters
a glass support
Cd, Co, Cu, Ni, Zn  Chelex 100 (Ca?*-form) Natural {ug-Range/n)  329)
waters
Heavy metals Chelex 100 (Ca®*-form) Natural - 333)
water,
snow, lime-
stone, biol.
materials
Ba, Ca, Cd, Ce, Co, Chelex 100 Water - 334)
Cr, Cu, Fe, La, Mg, samples
Mn, Sc, U, V, Zn
Nobie metals Copolymer of styrene and 3(5) — - 324
methylpyrazole: TLC
Pb, Zn, Cd, Mn(II) Dithiozone (or oxine) diazo- Sea water 103 To 108 325)
coupled to a modified carbo-
xymethylcellulose
MnO3, CrOZ, VO3 Reactive adsorption on Fe(Il)-  — 40 335)
treated resin
Ga Reversed-phase: PTFA + TBP - - 323)
Au Reversed-phase: fluoroplast + Au-glloys - 338)
TBP
Au Reversed-phase: TBP-loaded - - 327)
polyurethane foam
Ag Plasticized foam containing - (0.01 wg/l) 326)
Several cations Activated carbon  Jithizone g0, 104 344)
Several cations Chelex 100 ion-exchange Water (u-Range/1) 12503 45)
membrane
Pt-group, Au Ion-exchange + paper - 339)
chromatography
Active and inac-  Modified paper chromato- - 104 336)
tive traces elements graphic round filter procedure
Co, permanent Molecular sieve Air (0.01 ppm) 330)

gases
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concentration factor (10%). This is possible by combination of multielement che-
lation by 8-hydroxychinoline with subsequent adsorption.

Among these column techniques ion-exchange membranes®**), the combination
of ion-exchange with paper chromatography>>%) and paper chromatography found
application in trace enrichment. For concentrating permanent gases (e.g. carbon
monoxide) a stepwise technique was described®3®, After pre-concentration ad a mo-
lecular sieve determination follows by gas-chromatography with catalytic conver-
sion of CO into methane for detection with a FID3).

Table 4 shows examples of the most important different chromatographic me-
thods for trace enrichment; the list contains only a selection of the numerous pub-
lications in this field.
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