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Polyatomic negative ions for almost all of the elements in A-subgroups on the periodic table were tested by
the spark discharge type ion source mass spectroscopy. A large number of polyatomic negative ions such as
“polymer” negative ions, hydride negative ions, oxide negative ions, and carbide negative ions, could be detected.
The results are discussed with reference to the reported values of electron affinities of the molecules and to the

reported results by other methods of formation.

A study on negative ion spark source mass spec-
troscopy using a Mattauch-Herzog type double focus-
ing mass spectrograph has been carried out. For-
mation of atomic negative ions of 48 elements has
previously been reported,? and the relative sensitivity
coefficients for negative ions has also been reported.?)

The significant features of the Mattauch-Herzog
type double focusing mass spectroscopy® are (1) all
ions of a given mass (m/z) range can be detected at
the same time on a photographic emulsion plate, and
(2) by the cumulative nature of the ion detection
on the photographic emulsion plate, it is possible to
detect ions of weak intensity: the exposure time is
long and all ions formed during the exposure time
are collected. In the experiment of atomic negative
ions with the use of a spark discharge type ion source,?
a large number of polyatomic negative ions were
detected in addition to the atomic negative ions.

On the polyatomic negative ions detected by spark
source mass spectroscopy, there are only a few reports
in the literature.®% This might reflect the difficulty
of the formation of negative ions by spark discharge
type ion sources, compared with the case of forma-
tion of positive ions. The probability of formation
of negative ions versus the positive ions is 103 to 1,
in an electron-impact type ion source.®) In the spark
discharge type ion source, the probability appears to
be close to this value.

In the present experiment, the following testing
materials were used: (1) elementary materials in the
form of solid metals or powdered metals, (2) gases,
(3) oxide compounds, (4) inter-elementary compounds
such as GaAs or LiF, (5) other types of compounds,
including almost all of the elements in A-subgroups
(typical elements) on the periodic table, except for
Po, At, Fr, and Ra.

In this report, the ionic species of polyatomic neg-
ative ions detected in the experiment are described,
along with some polyatomic positive ions. The neg-
ative ions are classified into the following five types:
(1) “polymer” negative ions, (2) hydride negative
ions, (3) oxide negative ions, (4) carbide negative
ions, and (5) other types of negative ions.

Electron affinity of molecules is important to the
understanding of molecular phenomena. Reported

t Present address: Oyama Technical College, Naka-
kuki, Oyama, Tochigi 323.

values of electron affinities are available for some
molecules in the literature;?»%") however, the experi-
mental determination and theoretical calculation both
present great difficulties. The results given here pre-
sent experimental evidence that molecular ions detect-
ed here have positive electron affinity values. The
results are discussed with reference to the reported
values of electron affinities.32-%6)

The results are also compared with those obtained
from negative ion formation by means of the spark
discharge, electron impact, surface ionization, and
other methods.

Experimental

Apparatus. The instrument used was a Mattauch-
Herzog type double focusing mass spectrograph, equipped
with an r { spark discharge type ion source (Mitsubishi
Denki Electric Co. Ltd.). Since details of the instrumen-
tation were reported elsewhere,8~19 only the operationing
conditions are given here: spark voltage 20 kV, pulse width
200 ps, repetition rate 100s1, ion accelerating voltage 15
kV for positive and negative ions.

Materials. Sample materials studied are (1) ele-
mentary materials in the form of solid metals or powdered
metals, (2) gases, (3) oxide compounds, (4) binary com-
pounds such as GaAs or LiF, (5) other types of compounds.
They are listed in Table 1.

When the samples are solid materials, the discharge elec-
trodes of the ion source, about 1 mm2Xx5 mm, are made
from them. In this case, it is convenient to maintain a
discharge between the electrodes, and to have a long ex-
posure time. When the samples are fine powders, they
are packed inside a small (=1 mm diameter) metal tube,
made of gold or nickel, and a platinum counterelectrode
is applied. When they are electrical insulators, some oxides
for instance, powdered materials are mixed well with pure
aluminium powder of equal weight, and pressed') to form
rigid electrodes. Some insulators, lithium fluoride crystal
for instance, can be ionized with a platinum counterelec-
trode.

When the samples are gaseous materials, they are in-
troduced into the region of the spark discharge of Pt/Pt
electrodes through a capillary leak. In “A/B spark dis-
charge,” A and B mean the electrode materials in the spark
discharge ion source. This notation will be used throughout
this report.

Vacuum discharge ionization is difficult to maintain when
the melting point of the electrode is low. Gallium, for
instance, is ionized using a gallium arsenide crystal.
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TABLE 1. SAMPLE MATERIALS FOR THE POLYATOMIC NEGATIVE 10ONS
Group Element Sample materials Group Element Sample materials
1A H Hydrogen gas Ge Germanium, Crystal
Li Lithium fluoride, Crystal Germanium dioxide, Powder
Lithium carbonate, Powder Sn Tin metal
Na Sodium chloride, Crystal Tin(IV) oxide
Sodium carbonate, Powder Pb Lead metal
K Potassium bromide, Crystal VA N, P Ammonium hydrogenphosphate,
Potassium chloride, Crystal Powder
Potassium carbonate, Powder N 15 N-Ammonium sulfate, Powder
Rb Rubidium chloride, Crystal As Gallium arsenide, Crystal
Rubidium chloride, Powder Diarsenic trioxide, Power
Cs Caesium bromide, Crystal Sb Indium antimonide, Crystal
Caesium nitrite, Powder Diantimony trioxide, Powder
ITA Be Beryllium, Flake Bi Dibismuth trioxide, Powder
Beryllium oxide, Powder VIA (0] Metal oxides, Powder
Mg Magnesium Air, Gas
Magnesium oxide, Powder S Cadmium sulfide, Crystal
Ca Calcium, Metal Barium sulfide
Calcium fluoride, Powder Se Zinc selenide, Crystal
Sr Strontium carbonate, Powder Selenium dioxide, Powder
Ba Barium sulfide Te Tellurium
Barium carbonate, Powder Cadmium telluride, Crystal
IIT1A B Boron, Powder VIIA F Lithium fluoride, Crystal
Diboron trioxide Calcium fluoride, Powder
Al Aluminium, Wire Cl1 Sodium chloride, Crystal
Aluminium, Powder Potassium chloride, Crystal
Ga Gallium arsenide, Crystal Rubidium chloride, Crystal
In Indium antimonide, Crystal Ammonium chloride, Powder
Tl Dithallium trioxide, Powder Br Potassium bromide, Crystal
IVA C Graphite Caesium bromide, Crystal
Si Silicon, Crystal Silver bromide, Powder

Silicon, Powder

I Ammonium iodide, Powder

Results and Discussion

Method and procedure for the assignment of the
mass spectral peaks obtained by the spark ion source
mass spectroscopy are essentially the same as the ex-
periment of the atomic negative ions.?)

Experimental results for the polyatomic negative
ions are tabulated in Table 2, along with the experi-
mental results for atomic negative ions® and for poly-
atomic positive ions which were detected in the positive
ion spark source mass spectra using the same samples.

Reported values of electron affinities of the mole-
cules available in the literature” are tabulated in
Table 3. In this table, the experimental or theo-
retical method used to determine the values of electron
affinities are given in parentheses by an abbreviation.

Group IA Elements. By spark discharge of Pt/
Pt electrodes in an atmosphere of H, gas, H-, H,™,
H,+ ions are detected, but Hy~ ion can not be detected.
For the molecular ion of hydrogen, there are many
reports in the literature. H,* ion was detected by
the parabola-type mass spectrograph, but H,~ ion
could not be detected.!® The reported value of the
electron affinity of H,~ ion by the calculation is neg-
ative,5%51) although H,~ ion was detected by charge

exchange of H,* ion with H, gas,!® and in a duo-
plasmatron ion source.l®) Hjt, H;t, and H;O+ ions
were detected by glow discharge.1®

For the experiment of alkali-metal elements, alkali
halide crystals are used as spark discharge electrodes.
The polyatomic negative ions of RbCl-, and the poly-
atomic positive ions of Li,* and LiF+ are detected
in the spark discharge of LiF(crystal)/Pt electrodes.

For the polyatomic ions of alkali-metal elements,
there are reports in the literature: MX-, and MX,~
ions (M=Li, Na, K, Rb, Cs; X=F, Cl, Br, I) are
formed by surface ionization,!®) LiH,~ ion by Penning
discharge,!” LiCl*, NaCl*+, Na,Clt, Na,Cl,*, KCI*,
and LiBH,t by spark discharge.!®

Group IIA Elements. In the present experiment,
only the Be~ ion is detected for negative ions. No
polyatomic negative and positive ions are detected.
The positives ions Bet—Be,;*, Be,(BeO) *+,1 and Mg+
—Mg;*+ 4 are reported to form by spark discharge.

Group IIIA Elements. In this group, many poly-
atomic negative ions are detected. For the element
Al, “polymer” negative ions of Al,~—Al,;~ are detect-
ed by AIl/Al spark discharge. The results of detec-
tion of Al,—Al,~ and their relative intensities were
already reported.?®) In addition to these ions, oxide
negative ions AlO—-, and AlO,~ are also detected.
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TaBLE 2. POLYATGMIC NEGATIVE IONS AND POSITIVE IONS
Group Blement Atomic JOVEOTE - JONEORE  Growp Element Atomic nolE0TE O
IA H D» H,*+, H,+ SiC,~
Li D Li,*, LiF+ Ge D Ge,~—Ge,; Ge,t—Geyt
Na D GeC-, GeC,-
K D Sn D SnC-, SnC,~
Rb D RbCI- Pb D PbC-
Cs D VA N ND
ITA Be D P D PO~—PO,~
Mg (ND) As D As,~; AsO-; As,*, AsH+*
Ca ND® AsH-, As,H~;
Sr ND AsC——AsC,~
Ba ND Sb D Sb,~
IITIA B D Bi D
Al D Al,~—Al ;3 Al+ VIA (0] D O,~; OH-, O,*
AlO-, AlO,- O,H~
Ga D Ga,~; GaO—-, Ga,* S D 57 Sy Syt
GaO,~; GaAs-, Se D Se,~—Se, Se,*
GaAsH- Te D Tey~
In D VIIA F D F%+5 FH+;
LiF+
Tl D TlO-; TIC- Cl D 012_; RbCI-
IVA G D Cym—Cy5; Cyt—Cyst Br D Br,~, Br;~; Br,*; BrH*;
CH-—C H- BrH-; Br,0O- Br,O*, Br,O,+
Si D Si,—; SiC-, Sit—Si,*+ I D

a) Detected.

b) Not detected.

TaABLE 3. REPORTED VALUES OF THE ELECTRON AFFINITIES OF THE MOLECULES
(—: No data are available in the literature)

Element P:telf f{gt Electron affinity values/eV Element P:tt;sg;t Electron affinity values/eV
Rb RbCI- — P PO- <1.13(HF, 37)
Al Al,-—Al;~ — PO,~—PO,~ —
AlO- 3.68+0.13(SI, 32), 2.60(AA, 33) As Asy~ —
AlO,- 4.11+0.13(SI, 32) AsO- —
Ga Ga,~ — AsH- —
GaO- — As,H- —
GaO,- — AsC-—AsC,~ —
Tl TIO- — Sb Sbh,~ >0(OBS, 38)
TIC- — ) O, 0.440+0.008(PE, 39),
(o C,- <3.54+0.05(P, 34), 4.0(SI, 35), 0.5+0.1(CE, 40), >0.48(CE, 41),
>2.9+0.5(DEC, 36) 0.42(DE, 42), 0.1540.05(P, 43)
C,- 2.5(SI, 35) OH- 1.914+0.10(HF, 44)
CH- 0.7410.05(P, 34), O,H- 4.6(BH, 45)
>4.1+0.4(DEC, 36) S Sy~ >2.0(ATT, 46)
C,H- <3.73+0.05(P, 34), S~ —
>2.3+0.7(DEC, 36) Se Se,~—Se,~  >0(OBS, 38)
C,—Cy5m — Te Te,~ >0(OBS, 38)
C,;H-—C,;H- — Cl Cl,- 2.45+0.15(CE, 40), 2.46+0.14(CE,
Si Siy~ — 47), <1.7(ATT, 48)
SiC- — RbCl- —
SiC,- — Br Br,- 2.55+0.10(CE, 40), >0(OBS,
Ge Ge,~—Ge, — 49), 2.51+0.10(CE, 58)
Sn SnC- — Br,- —
SnC,- —_ BrH- —
Pb PbC- — Br,O- —

SI: Surface ionization. AA: Constituent atom electron affinity(dissociation energy). P: Incoherent photon detach-
ment. DEC: Electron impact with analytic deconvolution. HF: Hartree-Fock calculation. OBS: Observation in
mass spectrum. PE: Photoelectron spectroscopy with fixed frequency. CE: Charge exchange. DE: Dissociation
energy. BH: Born-Haber cycle calculation. ATT: Dissociative electron attachment.

(Numbers in the parentheses are reference numbers.)
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TABLE 4. “POLYMER” NEGATIVE IONS
Group IA IIA IITIA IVA VA VIA VIIA
/_——/\———\

Element Li Be Al Ga C Si Ge As Sb O S Se Te Cli Br
M- D D D D D D D D D D D D D D D
M,- D D D D D D D D D D D D D D
M, D D D D D D
M,- D D D D
M- b |
M5~ D

For the element Ga, the diatomic negative ion Ga,~ TaBLE 5. HYDRIDE NEGATIVE IONS
and the oxide negative ions GaO- and GaO,~ are

. IA VIIA
detected by spark discharge of GaAs/GaAs. In this Group IVA VA v
experiment, GaAs~ and GaAsH- ions are also detect- Element C As (o) Cl Br
ed. For the element Tl, TIO-, and TIC- ions are N b D b D D
detected. MH- b b D D

For polyatomic positive ions of these elements, Aly* - b b
and Ga,* ions are detected; these results were already MH, N
reported.20) M,H- b D D

Al,*—Al,+ ions were reported to form by spark
discharge,'® and BO- and BO,~ ions are reported TaBLE 6. OXIDE NEGATIVE IONS
to form by surface ionization.?) Electron affinity

: VA VIIA
values are available for AlO- (2.60, 3.68 eV) and Group IA IITA
AlO,~ (4.11eV) (Table 3). Element H Al Ga 11 P As Br

Grqup 4 .Elem.ents. In this group, many poly- M= D b D D b b D
atomic negative ions are detected. For the element MO- b b D D b b -
C, “polymer” negative ions C,~—C,;~, and hydride ~ b
negative ions CH—C,;H~ are detected. For Si: Si,- MO, b D D -
and SiC— and SiC,~ ions are detected; for Ge: Ge,, MO,~ b -
Gey~ and Ge,~; GeC- and GeC,~ ions; for Sn: SnC- MO,~ D -
and SnC,~ ions; and for Pb: PbC- ions. The fol- M,0- D
lowing positive ions are detected in these elements:

Cy+—Cyst; Sipt—S8iyt.  Ge,*—Ge,* “polymer” posi- TaBLE 7. CARBIDE NEGATIVE IONS
tive ions are also detected.

In the literature,222 CS-, CS,-, OON-, SCN-ions  CTouP IVA va
are reported to form by ion-molecule reactions. SiOy~ Element Si Ge Sn Pb As __ Sb
ions are reported by surface ionization.?¥) Several -
positive “polymer” ions of G, C,*—Cj,t, are reported M D D D D D D
to form by spark discharge.!8:25,26,27) MC- D D D D D D

The eclectron affinity values are available for Mgz— D D D g D

MC,-

the molecules C,~(2.9—4.0 eV), CH-(0.74—4.1 V),
C,H-(2.3—3.73 eV) (Table 3).

Group VA Elemenis. In this group, for the ele-
ment N, no atomic negative ion was detected,? and
no polyatomic negative ion was detected. For the
element P: PO-, PO,~, PO,;~, and PO, are detected.
For the element As: As,~; AsH-, and As,H—; AsO-;
AsC-, AsC,~, and AsC;~ ions are detected. For the
element Sh: Sb,~ ion is detected. For the polyatomic
positive ions of this group, As,* and AsH* ions are
detected.

The literature reports PH- and PH,~, AsH~ and
AsH,~ ions by electron impact,® and N,;-, CN-,
C,oNg—, C;NO-, C,Ng—, GyNg—, CgN,O-, CN;-, ele.
ions by glow discharge.?®

The electron affinity values are available for the
molecules PO~ (<1.13 eV}, and Sb,~ (>0¢€V) (Table
3)

.Group VIA Elements, For the element O: O,

O,H~- and OH~- negative ions are detected. For the
element S: S,~ and S;—; for Se: Se,™, Se,~, and Se,~;
and for Te, Te,~. These “polymer” negative ions
are detected by the spark discharges of CdS(crystal)/
Pt, CdSe(crystal)/Pt, and CdTe(crystal)/Pt, respective-
ly. Positive ions of O,t, S,*, and Se,* are also de-
tected.

The literature reports O,~, OH-, NO,~, SO,~, CS-,
CS,-, S,- (n=2—6) ions,®» SF¢—,30 SCN-, OCN-,
HS-, NH,S- ions,?® and S,,* ion.31

Electron affinity values are available for the mole-
cules Oy~ (0.15—0.5 €V), OH~ (1.825—1.91 V), O,H-
(4.6 eV), S,- (2.0eV), Se,~ (n=2—4: >0¢€V), and
Te,~ (>0eV) (Table 3).

Group VIIA Elements. For Cl, Cly~, and RbCl-
ions are detected by spark discharge of RbCl/Pt.
For Br, Br,~, Bry~, BrH~-, and Br,O- ions are detected
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TABLE 8. “POLYMER” POSITIVE IONS
Group IA IITIA IVA VA VIA VIIA
Element H Li Al  Ga C Si Ge As O S Se F Br
M,+ D D D D D D D D D D D D D
M,+ D D D D D
M,* D D D
Mg+ D

TABLE 9. HYDRIDE POSITIVE IONS

Group VA VIIA
—
Element As F Br
MH+ D D D
M,H D
TaBLE 10. OXIDE POSITIVE IONS
Group VIIA
Element Br
M,O+ D
M,O,+ D
TaBLE 11. OTHER TYPES OF POSITIVE IONS
LiF+ Li,F+

by AgBr/Pt spark discharge. Some polyatomic posi-
tive ions of the elements in this group are found: F,*,
F,Ht+, and LiFt+ ions for the element F, and Br,*,
Br,O*, Br,0,*, and BrH* ions for the element Br.
These are detected by the spark discharge of LiF/Pt
and AgBr/Pt, respectively.

Electron affinity values are available for the mole-
cules Cl,~ (1.7—2.46eV) and Bry,~ (>0—2.55¢V)
(Table 3).

In summary, we have described the ionic species
of polyatomic negative ions formed by the spark dis-
charge type ion source for the elements in A-subgroups
on the periodic table, along with the polyatomic posi-
tive ions. For the molecules that are detected as
negative ions in this experiment, the reported values
of the electron affinities are all positive. For the
molecules having negative electron affinity values,
available in the literature: (H,~: <0eV,5® —2.85
eV;3) CO-: —1.8eV;® CO,~: >—0.9¢eV;5® N,
—1.6 eV,5 —11.345 eV;5% HF-: <0eV®)); no poly-
atomic negative ions can be detected in this experi-
ment. Therefore, it seems that the electron affinity
values are positive for the molecules which are de-
tected as negative ions in this experiment, although
there are many examples that the molecules can not
be detected as negative ions in spite of the positive
electron affinity values of them. This conclusion is
in line with the case of atomic negative ions.» If
this assumption is correct, the experimental results
described in this report give experimental evidence
that the ionic species that are detected as negative
ions have the positive electron affinity values.

The polyatomic negative jons described in this re-

port are classified into the following four types: (1)
“polymer” negative ions, (2) hydride negative ions,
(3) oxide negative ions, and (4) carbide negative
ions. They are tabulated in Tables 4—7. Poly-
atomic positive ions detected can also be classified
into the following four types: (1) “polymer” positive
ions, (2) hydride positive ions, (3) oxide positive ions,
and (4) other types of positive ions. They are tabulat-
ed in Tables 8—11. These tables indicate the fol-
lowing features for the formation of the polyatomic
negative and positive ions by the spark discharge
type ion source in the elements of A-subgroups on
the periodic table.

(1) In the elements for which atomic negative ions
can not be detected, no polyatomic negative ions can
be detected.

(2) The elements, whose negative and positive
“polymer” ions can easily be detected are identical,
except for the elements H, Be, Sb, F, and Cl. They
belong mostly to the IIIA, IVA, VA, VIA groups
in the periodic table. .

(3) Few hydride positive ions are detected, com-
pared to the number of hydride negative ions; these
are observed for the elements C, As, O, CI, Br.

(4) Oxide negative ions are observed for the
elements H, Al, Ga, T1, P, As, and Br, whereas oxide
positive ions are observed only for the element Br.

(5) Carbide negative ions are observed for the
elements Si, Ge, Sn, Pb, As, and Sb. No carbide
positive ions can be detected in this experiment.

The author would like to express his hearty thanks
to Dr. K. Kodera and Dr. T. Makita, Kyoto Uni-
versity, for their encouragement and helpful sugges-
tions throughout this work.
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